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Abstract  
In this study, two kinds of mesoporous materials were prepared. The first was a silica 
mesostructure grown within a porous aluminium oxide membrane columnar material 
(hybrid-AOM). This was prepared using a sol-gel technique with Pluronic P123 triblock 
copolymer as the structure-directing agent and tetraethyl orthosilicate as the inorganic 
source. The hybrid-AOM had a similar pore size distribution to that of as-prepared SBA-
15 but showed an amorphous character, as demonstrated by nitrogen adsorption and 
SAXRD. The second type of material was a continuous mesoporous silica thin film, 
prepared by the dip-coating technique using Pluronic F127 triblock copolymer as the 
structure-directing agent and the same silica source as hybrid-AOM. The film, which was 
self-assembled on substrates such as indium tin oxide (ITO), glass and gold, exhibited 
long-range ordered mesostructures after several treatments and aging. Grazing incidence 
small-angle X-ray scattering method (GISAXS) showed that the thin film contracted in a 
direction perpendicular to the substrate after drying and surfactant removal. 
Removal of the surfactant template from both materials in order to create porous silica 
was achieved by calcination, ethanol extraction and peroxide-Fe treatments. Calcination 
was found to be the best method to remove surfactant from both mesostructures (hybrid-
AOM and thin film). However, this was found to cause cracking and crumpling of the 
hybrid-AOM with the evaporated gold being easily peeled off after calcination. Ethanol 
extraction was thus applied where calcination was not suitable. The surfactant removal 
was confirmed using an infrared spectroscopy and the structure was confirmed after 
extraction using 1D X-ray diffraction (XRD). The surface morphology, porosity and 
crystallinity of the mesostructures prepared were characterized by nitrogen adsorption, 
scanning electron microscopy and small angle XRD. To form modified electrodes, the 
hybrid-AOM template was coated by evaporation with pure gold on one side, whilst the 
mesostructured thin film was grown on either gold or ITO.  The permeability of the void 
space for both hybrid and thin film samples was calculated from the cyclic voltammetry 
response of a neutral probe (FcMeOH). Cationic ([Ru(bpy)3]2+) and anionic (I ) 
electroactive species were used to observe the electrochemical response under different 
pH regimes. FcMeOH was also used to study the effect of KCl concentration on the silica 
surface charge. Gold and platinum were electrochemically deposited using mesoporous 
silica as a template.   
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1. CHAPTER 1: INTRODUCTION 
1.1. Porous materials 
The fabrication of porous materials can be divided roughly into two types: top-down and 
bottom-up methods. Top-down methods start with patterns made on a large scale and 
reduce their lateral dimensions to form nanostructures, as for instance in the preparation 
of aluminium oxide membrane via the anodization method 1. On the other hand, bottom-
up methods use the assembly of molecules to build up nanostructures, as in zeolite 
preparation 2, or employ a surfactant template to guide the formation of an inorganic 
framework (such as silica) 3,4. Here the presentation will focus on porous materials which 
were prepared by a bottom up-method.  
Porous solids are materials of scientific and technological interest because of their ability 
to interact with atoms, ions and neutral molecules not only at their surfaces, but 
throughout the bulk of the material. Traditional applications of porous materials thus 
involve ion exchange, adsorption (for separation) and catalysis, and many of these 
applications benefit from the highly ordered structure that can be achieved in porous 
solids such as zeolites 5.  
In 1948, Richard Barrer discovered synthetic zeolites, which have become important 
porous materials because they have open frameworks containing channels and cages 
where cations, water and other molecules may reside and react. Zeolites are valuable 
materials because of their adsorption and ion exchange properties, allowing them to be 
used in such products as detergents and toothpaste. Their nanoporous structure makes 
these materials very good molecular sieves and their acidity makes them attractive as 
catalysts, in areas such as fuel cells, drug delivery and environmental clean-up 5,6. New 
zeolites and their associated properties continue to be discovered in laboratories 
worldwide. 
The application of zeolites is nonetheless limited by their narrow range of pore sizes, 
whose relatively small cross-section restricts the size of molecules that may escape from 
or enter the pores to access catalytic or adsorption sites. This limits their use in 
applications involving larger organic molecules. For example, zeolite-Y and zeolite-A 
have pore sizes of 7.4 Å and 4.2 Å respectively 7. 
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According to the International Union of Pure and Applied Chemistry (IUPAC), porous 
materials can be classified by pore size into three types: those with pore sizes between 
0.2 nm and 2 nm are classified as microporous, while mesoporous materials have pores of 
2-50 nm and macroporous ones 50-1000 nm. Within this classification, zeolites are 
categorised as microporous 8,9.  
The usefulness of larger pore materials has prompted researchers around the world to find 
new ways of producing porous materials having similar characteristics to those of zeolites 
but with larger pores. The interest lies in expanding the pore sizes of zeolite materials 
from the micropore to the mesopore range in response to the increasing demand for larger 
molecules. A number of works in the literature describe zeolite materials with pore 
diameters larger than those of the traditional zeolites. Ultra-large pore molecular sieves (> 
10 nm), such as VPI-5 (12-13 Å) 10,11 and cloverite (29-30 Å) 12 have been reported. The 
applications of such materials will open new frontiers in adsorption and catalysis. This 
route has become a fast-growing interdisciplinary research area; examples are treating 
bigger molecule feeds in petroleum industries, separating and synthesizing large 
molecules (e.g. protein separation) and the selective adsorption of large organic 
molecules from waste water. Unfortunately, large-pore zeolites lack significant 
applications because of their inherently poor stability or their weak acidity 13. 
In the 1990s, the Mobil research group announced a new class of porous materials known 
today as the MCM family (MCM-41, MCM-48 and MCM-50), which they synthesized 
via a supramolecular templating mechanism under basic conditions using long-chain 
alkyltrimethylammonium surfactants 14. One of the members of this family, known as 
MCM-41, possesses a uniform hexagonal pore array and has been synthesized from 
cetyltrimethyl ammonium bromide (CTAB) and a silica source 15. These materials are 
categorised as mesoporous structures, as they have pore sizes greater than 2 nm, high 
specific surface areas (1000 m2g-1) and a long-range pore order 16. Therefore, MCM-41 
materials have a promising potential in catalysis, adsorption and advanced molecular 
sieve-based materials. 
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1.2. Ordered mesoporous silicates 
An early procedure for the preparation of porous silica materials known as low-density 
silica was described in a patent in 1971 17. The procedure was reproduced in the 
production of MCM-41, which scientists of the Mobil Oil Corporation patented in 
1991 17. However, while the early procedure lacked product characterization, the Mobil 
scientists characterised MCM-41 in detail and identified the connection between the 
ordering observed in the mesoporous materials and the structure-directing aggregation 
properties of the surfactants used in their synthesis 16. Figure 1-1 represents the MCM 
family with different phase orientations. 
 
 
Figure 1-1: Representation of the MCM family 18: Hexagonal phase MCM-41 (left), 
cubic phase MCM-48 (centre 19) and lamellar phase MCM-50 (right). 
 
The original MCM-41 synthesis was carried out in aqueous alkaline conditions. The 
procedure is quite similar to zeolite synthesis, where an organic molecule is used as a 
template forming an ordered organic-inorganic composite material. The surfactant is 
normally removed by heat treatment (calcination), leaving the spaces where the surfactant 
resided empty; these then become the pores of the silicate network.  
The field of mesoporous solids has expanded rapidly and more new materials were soon 
formed following methods similar to those that had been pioneered by the Mobil 
Research group. The combination of inorganic and block copolymers is now widely used 
in the preparation of ordered mesoporous materials. Today, a large number of 
mesoporous materials of varying composition are available in a range of pore sizes, 
inorganic content and wall thicknesses. 
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1.3. Surfactant silicate self-assembly via supramolecular templating technique  
In general, mesoporous materials are derived from the assembly of amphiphilic polymers 
(surfactants) which form micelles. These micelles become supramolecular templates to 
which inorganic molecules (e.g. tetraethyl orthosilicate: TEOS) can be attached. 
Suspension of a surfactant in water above the critical micelle concentration (CMC) leads 
its hydrophilic head group and hydrophobic tail(s) to self-assemble into micelles, thereby 
minimizing the contact between hydrophobic tails and water. Depending on the structure 
of the polymer used and on concentration, temperature and other thermodynamic 
parameters, there will be a large variety of equilibrium structures such as spherical, 
cylindrical or disk-like micelles and liquid-crystalline phases such as cubic and hexagonal 
ones 15,20. These self-assembling properties have been increasingly exploited in the 
fabrication of nanostructured materials, especially to produce porous systems with well-
defined pore sizes. Understanding the dynamic aspects of micellar self-assembly is often 
crucial in their application, because the final state can vary depending on the kinetic 
pathway. The timescales of formation of the underlying structural organisation may range 
from a millisecond to many weeks.  
Inorganic materials attached to the surface of micelles also experience polymerisation. 
For silica, this process can be catalyzed by either acids or bases, resulting in different 
reaction mechanisms. The pH used therefore has an effect on the kinetics, which is 
usually expressed by the gel point of the sol-gel reaction. The reaction is slowest at the 
isoelectric point of silica (between 2.5 and 4.5) and the speed increases rapidly as the pH 
changes. The reaction conditions have a strong influence not only on the kinetics of the 
reaction but also on the microstructure of the final material. In acid-catalyzed reactions, 
an open network structure is formed in the early stages, with the subsequent condensation 
of small clusters. By contrast, a base-catalyzed reaction creates highly crosslinked sol 
particles in the early stages, which can lead to variations in the homogeneity of the final 
hybrid materials. Commonly used catalysts are HCl and  NaOH21.The acid and base 
catalysis mechanisms for silica hydrolysis are shown in Figure 1-221.  
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Figure 1-2: Sol-gel mechanisms 
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In the second pathway (route b), the liquid crystalline phase is not formed until the 
silicate species is added to the solution and the binding of the silica oligomers to the 
surfactant is directly responsible for the ordering of the micelles. With time, the order of 
the molecules becomes stable. In both cases, heat treatment (calcination) or solvent 
extraction will remove the structure-directing agent and leave the polymerised silica 
structure behind 23. The physical structure and pore size of the remaining structure will 
depend on the structure of the surfactant micelles; therefore different template surfactants 
will produce different micelle structures. Table 1-1 24 shows the diverse block copolymer 
materials reported in the literature and the formation of micelles in which different 
structures of nanoporous materials are produced. In short, the desired porous structure 
can generally be obtained by carefully manipulating process variables such as 
temperature, pH, ionic strength, reaction time, solution composition and the surfactant or 
block copolymers used 24. If the end structures have pore sizes between 2 and 50 nm, they 
can be categorised as mesoporous.  
 
 
Figure 1-3: Image adapted from Hoffmann et al.18. The illustrations show possible 
formation mechanisms for MCM-41 mesostructured materials. Route a: the surfactant 
first forms liquid crystals, around which the silicates then condense. Route b: the liquid 
crystal phase is not formed until the silicate species is added to the solution and the 
binding of the silica oligomers to the surfactant is directly responsible for the ordering of 
the micelles. 
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Self-assembled mesostructures are not crystalline frameworks, because the pore walls of 
mesostructured silica materials are made by the polymerisation of silica, which is a 
randomly occurring process. The pore wall structure has been studied extensively using 
29Si NMR. Materials such as MCM-41 porous silica show a broad NMR peak and this 
gives a strong indication that the material walls are actually amorphous 25,26. However, 
the mesoporous materials can act like crystalline structures if their pore arrangements 
show a long-range, uniform and controllable size. The so-called crystallinity in 
mesostructures can be observed using the X-ray diffraction technique; diffraction occurs 
because of the periodic contrast in electron density between the amorphous framework 
and pores 27.    
The idea of using surfactants as templates has encouraged researchers worldwide to 
employ whatever surfactants are available on the market. Thus, a number of surfactant 
systems which can self-assemble to form a variety of different microphases have been 
described. Some of the surfactant block copolymers mentioned in the literature are listed 
in Table 1-1. 
A mesoporous material similar to MCM-41 named SBA-15 28 was fabricated by Stucky 
and co-workers 23, who employed commercial nonionic surfactant block copolymers of 
poly(ethyleneoxide-b-propyleneoxide-b-ethyleneoxide) (E020PE70E020; trade name 
Pluronic P123) as supramolecular templating in acidic aqueous solutions. These 
surfactants can self-assemble to form a hexagonal micellar array 29,30. SBA-15 has more 
useful properties than MCM-41. It has a larger pore diameter (46-300 Å), large d(100) 
spacings of 104-320 Å,  BET surface areas of 690-1040 m2/g, pore volumes as large as 
2.5 cm3/g, thicker pore walls (31-64 Å) and higher hydrothermal stability 31-33. However, 
both materials exhibit a 2D hexagonal arrangement of cylindrical pores and have 
micropores which are irregularly interconnected 34.  
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Table 1-1: Saintific name for some surfactant / block copolymers reported in the 
literature, with their possible micelle formation and applications 
 
Like the MCM family, the SBA family also consists of different space groups. All of 
them have been synthesized by the use of commercially available nonionic alkyl 
poly(ethylene oxide) (PEO) oligomeric surfactants and poly(alkylene oxide) block 
copolymers in acid media. For instance, SBA-11 (Pm3m) has been synthesized with 
C16EO10 surfactant, SBA-12 with 3D hexagonal (P63/mmc) when C18EO10 is used. A 
novel SBA-16 cubic (Im3m) cage-structured mesoporous silica structure with a large cell 
parameter (a = 176 Å) has been synthesized using triblock copolymers 
(Poly(ethyleneoxide-b-propyleneoxide-b-ethyleneoxide, EO99PO65EO99) 33,42 or 
commercially known as Pluronic F127 with large PEO block. 
 
The cage structures of SBA-16 are interconnected via micropores and this gives 3D 
accessibility to the pore system 43-45. Given this property, SBA-16 has potential 
applications in catalysis and separation. Moreover, the SBA-16 mesostructure is more 
useful than SBA-15 with regard to thin film applications. The 3D accessibility of SBA-16 
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pores provides abundant pathways for other molecules to access the silica cavities 46. 
Unlike SBA-15, the pore direction is reported to be parallel to the substrate 47.  
Since mesoporous silica is a solid state material which has channel-like morphology, it 
can be used as a “hard-template” 48 in many applications. For instance, SBA-15 has been 
regarded as a promising catalyst support because of its large surface area with uniform 
tubular mesopores 49-52. These features also make mesoporous materials of great interest 
for applications such as adsorption 53,54, drug delivery 55 and synthesis of nanowires or 
nanotubes 56,57.  
1.4. Hybrid mesoporous materials  
By definition, a hybrid material comprises two moieties merged on the molecular scale. 
These materials represent one of the most fascinating developments in materials 
chemistry in recent years. Their origin is unclear, but it is believed that the mixing of 
organic and inorganic components was first conducted in the ancient world, when dyes 
were made from novel mixtures of inorganic pigments and other inorganic or organic 
components to produce paints with better properties, i.e. having brighter colours and 
lasting longer 22.  More recently, the wide range of possible combinations of different 
properties in one material has initiated a rapid increase in ideas for potential materials and 
applications. However, the basic science is sometimes still not understood, so 
investigations in this field, in particular to understand structure-property relationships, are 
crucial.  
Hybrid materials based on silicates prepared by the sol-gel process and using surfactants 
as structure-directing agents have many advantages, because silica is transparent and the 
directing agent will give ordered structural arrangements over a long range. Another 
advantage of hybrid materials is their increased mechanical strength, based on the use of 
inorganic structures. There is almost no limit to the combinations of inorganic and 
organic components used in the formation of hybrid materials, as long as they are 
strongly bound together. One of the major advantages of hybrid materials is that it is 
possible to add a function to a material by simply incorporating a second component. For 
instance, incorporating porous silica into an aluminium oxide membrane (AOM) will 
produce a free-standing porous silica template 58. This method preserves the properties of 
the silica mesostructure while the membrane retains its own characteristics. The pore size 
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can be tailored by inserting the desired porous structure into the alumina membrane. The 
mesoporous silica inside the AOM columnar structure retains features similar to those of 
the powdered material, but the advantage of having mesoporous silica inside the AOM is 
that the mesostructure is held physically and this makes the hybrid useful as a membrane.   
Several methods to synthesise a hybrid material using a membrane as the template have 
been proposed, including the deposition of a metal layer within the pores of a 
polycarbonate membrane 59 and the deposition of silica nanotubes within the pores of a 
wider size of alumina membrane (> 200 nm) by sol-gel template synthesis 58,60. 
Moreover, mesoporous tungsten and zinc oxides, as well as titania and zirconia, have also 
been synthesized within the channels of AOM 61,62. The resulting hybrid structure shows 
promising properties as a separation membrane 63,64. Chapter 3 provides an overview and 
detailed discussion of previous research, exploring critical issues in the synthesis, 
preparation and characterisation of hybrid-AOM.    
The present research attempts to combine the properties of aluminium oxide membranes 
and porous silica-based materials using P123 as a surfactant directing agent. It was hoped 
that the method applied would produce silica-surfactant nanocomposites inside the 
columnar alumina pores. The resultant materials are called hybrid-AOM.  
1.5. Mesoporous silica thin film 
The preparation of silica-based mesoporous thin films via the sol-gel process was 
reported by Ogawa in 1994 65. In general, mesoporous films have been synthesized using 
the spontaneous organization of silica-surfactant nanocomposites at solid-liquid 
interfaces 65-68. The procedure for this film formation is quite simple and rapid. As in 
mesoporous powder, the formation of ordered mesoporous materials can take place under 
alkaline 69, acidic 70 or neutral conditions 71 via the cooperative interaction of organic 
surfactants and inorganic species through electrostatic attraction or hydrogen bonding. 
The fabricated silicate framework film has uniform apertures in the range of 2-30 nm 
diameter and large surface area of 1000 m2/g 25,72. This is the expansion of pore size from 
microporous (as in traditional porous materials such as zeolites) to the mesoporous size. 
Therefore channel and pore voids provide confined space which is suitable for the 
accommodation of mesostructured molecules and clusters 73. 
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The continuous thin films of surfactant-templated mesoporous silica can be grown on  
either conducting 74 or non-conducting substrates 75,76 using a variety of coating 
techniques. Two prominent types of silica thin film coating preparation are reported in 
the literature: dip coating 77,78 and spin coating 65,79. Alternatively, spray coating and 
meniscus coating can be used for thicker films 68.  
Dip coating is closely related to spin coating, which involves the acceleration of a liquid 
dropped onto a rotating substrate. Variable parameters in spin coating are solution 
viscosity, angular speed and spin time, which can affect the film thickness and uniformity 
of the coat. For example, the higher the viscosity and the lower the angular speed, the 
thicker will be the film.  
Dip coating refers to the immersion of a substrate in a coating solution, so that when it is 
withdrawn and allowed to drain, it will produce a coating whose thickness is controlled 
by the evaporation rate, the viscosity and density of the coating solution and the surface 
tension. The drawing speed also contributes to the thickness: the longer the draw time, 
the thinner the film produced  80. With faster withdrawal, the substrate pulls more fluid up 
onto its surface before it has time to flow back down into the solution, thus producing a 
thicker film. The pore structure and film texture of supported thin films were found to be 
affected by the evaporation condition. To control evaporation rates, the environmental 
humidity (relative humidity, RH) while the film dries must be controlled. Cagnol et al. 81 
have studied the cetyltrimethylammonium bromide (CTAB)-TEOS system and suggest 
that if RH is too low (20 %) it will prevent the formation of well-defined mesostructures, 
whereas high RH (40-85 %) promotes the formation of a 3D-cubic structure.  
Figure 1-4 shows the dip-coating process schematically. In this technique, the precursor 
solution is allowed to dry under certain conditions. A process called evaporation-induced 
self-assembly (EISA, see next section) occurs via evaporation of the solvent and 
subsequent destabilization of the sol.  
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Figure 1-4: Schematic procedure of dip
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Figure 1-5: Schematic diagram of mesostructure thin
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The connection between electrochemical science and the chemistry of porous silica 
materials is the ability of electrochemical techniques to manipulate redox-active species 
to diffuse into porous cavities. Several electrochemical effects can be observed. The 
current responds to the charge species during the diffusion process, which in turn 
corresponds to the process of adsorption, complexation, catalytic behaviour or mass 
transport within the silica cavities. The properties of the porous materials become the 
main driving force and have been extensively exploited in electrochemistry via several 
advanced applications. 
For example, porous silica can be used in electroanalysis, where the incorporation of 
mesoporous materials to an electrochemical interface shows selectivity on the basis of 
solute size, shape and charge. As described by Etienne and co-workers 85, the 
electrochemical response of porous silica is dramatically influenced by the charge and the 
size of the molecular probe. Cationic species are likely to accumulate in the silica 
cavities, whereas anionic species may be totally or partially excluded. This result leads to 
either preconcentration 7 or permselective behaviour of charged species within porous 
silica materials.  
The channels in mesoporous materials show attractive hosting properties for 
biomolecules. For instance, glucose oxidase 86 and haemoglobin 87,88 can be immobilized 
inside mesoporous silica films and direct electrochemistry performed.  The approaches to 
confining enzymes in ordered mesoporous materials were reviewed by 89 in 2005. Gas 
sensors can also be fabricated from mesoporous silica thin films deposited by EISA on 
electrodes. The current response is observed via changes in conductivity, RH or alcohol 
vapour pressure 90.  
In electrocatalysis, once again the properties of mesoporous materials make them suitable 
hosts for a wide range of catalysts and this application has been extensively developed 
because it provides an elegant way to facilitate (accelerate) charge transfer processes 91,92. 
For instance, in hydroquinone oxidation, nicotinamide adenine dinucleotide coenzyme 
encapsulated within mesoporous silicates was found to display significant electrocatalytic 
activity towards the oxidation of 1,4-dihydrobenzoquinone (H2Q) 93. Gold nanoparticle-
mesoporous silica composites showed strong catalysis of the oxidation of glucose 94 and 
Au-modified mesoporous SBA-15, making them suitable for applications in the 
electrocatalytic reduction of H2O2 solution 95.  
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Other than electrochemical applications, some other interesting approaches have been 
reported, exploiting the advantages of the uniqueness of pore structure, high surface area 
and the free silanol groups available on the internal pore surfaces. The availability of 
these silanol groups makes porous silica suitable for functionalisation 96,97. These tailor-
made surfaces can be used to improve the adsorption capacity or retard the release 
kinetics of adsorbed molecules in drug delivery applications 98. Consequently, grafting 
alkoxysilanes with different organic groups allows the tuning of the surface chemical 
properties 18. There are two commonly used ways to functionalise the silanol groups. The 
first, called post-synthetic grafting, modifies the pore surface with an 
organotrialkoxysilane via SiOH groups 99,100. Post grafting has the advantage of retaining 
the silica phase structure, but there is the possibility that organosilanes will react 
preferentially at the pore openings and this might block the diffusion of other molecules 
into the centre of the pores 18. An alternative method, direct (one-pot) synthesis of 
functionalized mesostructures, has become more popular because it is much simpler and 
effectively disperses the functionalised molecules 101.  
In high-performance liquid chromatography (HPLC), silica is the predominant packing 
material. For that reason, mesoporous silica has a future in such applications 102-104. Grün 
et al. 102 have investigated the properties of MCM-41 packing in normal-phase HPLC and 
compared it with those of other oxides. The most interesting feature of MCM-41 is the 
ability to separate all types of analyte (basic, acid and neutral) with acceptable retention 
times and good peak shapes. Ma et. al. 105 have successfully functionalized spherical 
mesoporous silica by dimethyloctadecylchlorosilane (C18), for use as an HPLC packing 
material. The result shows that C18-modified silica microspheres are able to separate both 
small aromatic molecules and large biomolecules.  
A mesoporous material with regular channel structure can also be made a conductor by 
inserting a conducting material into its channels. Thus Wu et al. have used conducting 
polyaniline filaments 106 and platinum nano wires 47 inside such channels. Charge carriers 
in nanometre channels are very interesting for the development of nanometre electronic 
devices.  
In a similar fashion, metal ions can be reduced inside the pore structure to form nanowire, 
which may play an important role in the field of quantum devices. Mesoporous silica 
frameworks provide a robust, open and tunable periodic scaffold on the nanometre scale. 
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These properties have led to extensive work to create hybrid composites with active metal 
nanowires embedded inside the pores. The advantage of adopting metal deposition via the 
template technique is that the template offers straightforward control of size, shape and 
the orientation of the nanowires 107-109. Nanowires (sometimes called nanorods) are metal 
nanostructures with a diameter in the order of 10-9 m or less 110,111. One of their 
interesting properties is the manifestation of quantum phenomena in the transport of 
electrons 112. Such useful properties have generated applications in many areas such as 
magnetism 113 and high-density information storage 114.  
Interest in nanowire research has grown rapidly over the last few years 115. According to 
ISI Web of Knowledge, only 195 publications on nanowires were reported in 2001, while 
their number had risen to 3074 by 2009, with a total of 14525 publications between 2001 
and 2009. However, there have been few studies of the topic of “nanowires and 
mesoporous”: statistics from 2001 to 2009 show that only 254 publications appeared. The 
materials studied as nanowires include single metallic structures such as silver 116, 
palladium 117, nickel 56,117, platinum 118-120 and gold 121, plus alloys (Ni-Cu) 122 and metal 
oxides 123,124. Much recent work has focused on using mesoporous powders 125-127 and 
thin films 117,118,128 as templates for making nanowires, but there has been less work on 
electroless deposition (ELDP) in porous films, rather than electrodeposition (EDP). In the 
present study, both deposition techniques have been utilized to incorporate high densities 
of gold (ELDP) and platinum (EDP) into the channels of porous silica thin films. 
Mesoporous silica materials have continued to find new applications in their traditional 
areas of use, such as catalysis, separation and ion exchange. Following the discovery of 
these materials in 1992 129, they have also been regarded as suitable for such applications 
as stationary phases (templates) in the fabrication of other materials such as nanowires.  
It seems that in a very short time, self-assembly has changed our way of thinking about 
making new materials. We have seen a shift in materials research away from a familiar 
chemical approach based on synthesising molecules, polymers and solids. Material self-
assembly works with a few relatively simple building blocks based on diverse structures 
to achieve the desired functions. The field is changing rapidly and it has not been possible 
to include all interesting developments. Increasing the long-term and operational stability 
of these ordered porous materials, in particular those preparations based on the sol-gel 
method, would also require further investigation. The chemistry of silica is extremely 
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rich, but its stability in aqueous media can be poor. The alternatives include metal oxides, 
which are much more stable chemically but are difficult to functionalize with organic 
groups 130.  This thesis reports some thought-provoking breakthroughs and attempts to 
add knowledge to this field, which can be expected to continue to evolve over the next 
few years.  
1.7. Thesis Objectives 
The thesis objectives are listed as follows; 
1. To synthesis two types of mesoporous silica film; 1) mesoporous grown within 
with an aluminium oxide membrane columnar (hybrid-AOM) and 2) SBA-16 
mesoporous thin film.  
2. To remove the surfactant template from silica mesoporous structure via 
calcination, peroxide treatments and solvent extraction (ethanol). The removal 
efficiency was confirmed using spectroscopy technique (infra red spectroscopy).  
3. To characterise the morphology and crystallinity of mesostructure properties by 
using microscopy techniques (transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM)), an adsorption method (nitrogen 
adsorption) and X-ray diffraction method (small angle X-ray diffraction 
(SAXRD) and  grazing incident small angle X-ray scattering (GISAXS)). 
4. To study the surface charge and porosity of the silica mesoporous by voltammetry 
method in particular cyclic voltammetry (CV).  
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2. CHAPTER 2: EXPERIMENTAL TECHNIQUES AND 
PROCEDURE 
Chapter Objectives 
1. To describe the general instrumentation theories and concepts, related to the 
mesoporous characteristics determination. 
2. To describe suitable experimental procedures related to the instrumental 
discussed. 
2.1. Introduction  
The basic interest in porous structures arises from their ability to interact with molecules, 
not only on the external surface but also using the structure inside the material 131. Their 
performance is highly dependent on the character of the internal pore structure, rather 
than the bulk surface. For that reason, understanding a particular process taking place 
within a porous medium requires a full characterisation of the properties of the porous 
materials, such as internal geometry, size and connectivity 132.  
Various characterisation techniques have been described in detail in the literature 29,60,133-
135
. Each method is intended to confirm the organization of pores and to classify them 
according to common characteristics such as structure, size, accessibility and shape. 
Therefore, it is the purpose of this chapter to discuss general instrumentation and 
experimental procedure, to give descriptions of the relevant concepts, to consider the 
classification of pores in porous solids (powders and porous thin films) and to organise 
our knowledge regarding the determination of pore characteristics. 
2.2. Adsorption 
Adsorption is a process that occurs when a gas or liquid accumulates on the surface of a 
solid, forming a molecular or atomic film, whilst desorption is the reverse process. 
Adsorption differs from absorption, in which atoms, molecules or ions enter a bulk phase. 
It is an important technique in porous structure characterisation because the properties of 
porous structures, such as pore shape, surface area and average pore size, can be 
measured by the adsorption and desorption of inert gas into and out of their pores.  
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Adsorption occurring in porous structures can be divided into two basic categories: 
chemical (chemisorption) and physical (physisorption). Chemisorption is a type of 
adsorption whereby a molecule adheres to a surface through the formation of a covalent 
bond, by ionic interaction or a mixture of the two. The heat of adsorption, ∆Hads, for 
chemisorption is generally higher than for physisorption and is in the range -50 < ∆Hdes < 
-1000 kJ/mol 136. In physisorption, the bonding interaction between adsorbate (porous 
material) and adsorbent is long range but weak and is associated with van der Waals 
interactions. The process is always exothermic, ∆Hads being -10 to -40 kJ/mol 136. 
Physisorption is fully reversible; i.e. both the adsorption and desorption processes can 
occur.  
Pure porous silica materials are inert and thus can adsorb relatively large amounts of 
condensable gases such as nitrogen and argon through physisorption. The quantity of gas 
taken up by porous silica will be proportional to the mass of the sample. Adsorption also 
depends on the temperature T, pressure P and the nature of both adsorbent and adsorbate. 
If n is the quantity of gas adsorbed in moles per gram of solid, then n can be expressed by 
the following equations 137: 
n = f(P,T,gas, solid)       Equation 2-1 
 
Generally, physical adsorption experiments are run at a fixed temperature; therefore the 
above equation can be simplified to: 
n = f (P)T,gas, solid       Equation 2-2 
 
If the experimental temperature is below the critical temperature of the gas, the equation 
can be written as: 
n = f (P/P0)T,gas, solid      Equation 2-3 
where P = system equilibrium pressure and Po = vapour pressure of bulk liquid of 
adsorbate  
The relationship between the amount of gas adsorbed and relative pressure at constant 
temperature can be expressed graphically and is known as an adsorption isotherm. 
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Brunauer, Deming, Deming and Teller conducted an extensive literature survey and 
found that all adsorption isotherms fit into one of five types, which have become the 
standard isotherm shapes used by International Union of Pure and Applied Chemistry 
(IUPAC 9). These are shown in Figure 2-1. 
 
 
 
 
 
 
 
 
 
Figure 2-1: The classification of physisorption isotherms according to International 
Union of Pure and Applied Chemistry (IUPAC) recommendations (1984) 9. 
 
Type I isotherms are characterised by a plateau shape, in which at low relative pressure 
the graph is approximately parallel to the y-axis and exhibits no hysteresis. This pattern 
occurs because the adsorbent pores are so narrow that they cannot accommodate more 
than a single layer of adsorbate on their walls. The plateau shape corresponds to the 
completion of a monolayer. This is a typical isotherm of microporous solids (of pore 
width less than 2 nm) which, once filled with adsorbate, have little or no external surface 
for additional adsorption. Examples of materials that exhibit such isotherms are alumina, 
microporous silica and zeolites. 
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Type II is most frequently found in macroporous powder materials. The inflection point 
or knee (point B) of the isotherm usually occurs near the completion of the first adsorbed 
monolayer. When the relative pressure increases, the second and subsequent layers are 
completed until, at saturation, the number of layers becomes infinite. 
Type III and V isotherms are characteristic of weak interactions between gases and 
solids, giving relatively little adsorption at low pressure. When the relative pressure rises, 
the gas molecules start to adsorb and any increase will promote the adsorption of further 
molecular layers. This type of adsorption isotherm is typical of nonpolar molecules on 
polar substrates or vice versa (e.g. water vapour on hydrophobic materials). These 
isotherms are also attributed to the adsorption on macroporous materials. Type V also 
displays a hysteresis loop. 
Type IV isotherms are closely connected with the study of structure in mesoporous 
solids. In the low-pressure region, a Type IV isotherm is the same as the corresponding 
Type II isotherm, but the slope increases sharply at higher relative pressures, indicating 
an increase in uptake of adsorbate as the pores are filled. According to the Zsigmondy 
model, at the initial part (ABC), adsorption is restricted to thin layers on the pore walls. 
At point D (the first interception of the hysteresis loop) capillary condensation starts to 
occur in the finest pores. As the pressure is progressively increased, all pores are filled 
until the saturation pressure is reached. At this stage, the entire system is full of 
condensate. A characteristic feature of this type of isotherm is its hysteresis loop, whose 
exact shape varies from one system to another, but the relative pressure is always greater 
for adsorption compared to desorption of the same amount of adsorbate. The loop is 
reproducible, provided the desorption runs above the hysteresis loop point 137. 
Type VI isotherms exhibit a series of steps on a uniform, non-porous surface. The step 
height represents the monolayer capacity for each adsorbed layer and remains nearly 
constant for two or three adsorbed layers. Examples of Type VI isotherms are those 
obtained from argon or krypton on graphitised carbon blocks 137.  
2.2.1. Adsorption hysteresis 
In practice, a hysteresis loop always occurs in the measurement of gas adsorption-
desorption in porous materials (Figure 2-2; IUPAC Recommendations 1984 9), because 
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desorption (evaporation) of the adsorbate (e.g. nitrogen) does not instantly follow the 
application of adsorption (condensation) forces. Desorption always occurs more slowly 
than adsorption and the material does not return completely to its former state. Hysteresis 
appears because of the existence of multilayer pores and is associated with capillary 
condensation, causing a wide variety of shapes, which can be related to the pore structure.  
Type H1 (Figure 2-2) isotherms are related to materials which consist of agglomerates or 
compacts, containing uniform spheres in a regular arrangement. Such materials also have 
a narrow pore size distribution. Type H2 is attributed to a different mechanism between 
condensation and evaporation processes, occurring in pores with narrow necks and wide 
bodies. Type H3 comprises materials which have plate-like particles giving rise to slit-
shaped pores, whereas Type H4 is the hysteresis loop pattern associated with narrow slit--
like pores 9. 
 
 
 
 
 
 
 
 
 
 
Figure 2-2: The classification of physisorption hysteresis loop isotherms according to the 
International Union of Pure and Applied Chemistry (IUPAC) recommendations (1984) 9. 
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2.2.2. Nitrogen adsorption method 
The adsorption of a gas by a solid, as mentioned above, can in principle provide valuable 
information about the features of the adsorbent (i.e. its surface area and pore 
characteristics). In this thesis, N2 adsorption–desorption isotherms of the calcined 
mesoporous silicas were obtained at 77K on a Micromeritics ASAP 2010 apparatus. In 
practice, a range of suitable adsorbates such as argon, oxygen, water vapour and nitrogen 
can be applied. Among these, nitrogen is the most commonly used, as its boiling point is 
77 K and it is generally inert.  
Experiments with nitrogen adsorption are conducted at high vacuum. The dry sample is 
usually evacuated with nitrogen and chilled to 77 K by liquid nitrogen. At this 
temperature, nitrogen will physically adsorb onto the surface of the sample, which 
becomes saturated. The experiment will start at high vacuum and the pressure increases 
up to the adsorbate saturation pressure. The nitrogen adsorption isotherm is usually 
recorded as the volume of gas adsorbed at STP versus the relative pressure. A basic 
schematic of the  nitrogen adsorption apparatus 138 is shown in Figure 2-3. 
Figure 2-3: Schematic diagram of a nitrogen adsorption instrument. 
 
During the experiment, nitrogen initially fills the first layer of the material’s pores. This 
enables the measurement of the surface area of the material, since the amount of gas 
adsorbed in the monolayer is proportional to the entire surface area of the sample. The 
complete adsorption/ desorption nitrogen isotherm can be understood approximately by 
Vacuum System 
-6
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comparing it with the standard IUPAC adsorption isotherms shown in Figures 2-1 and 2-
2 9,139,140. It can also be utilised to calculate the surface area and pore size distribution. 
2.2.3. Surface area 
It is a standard practice to apply the Brunauer-Emmett-Teller (BET) method to derive the 
surface area from physisorption isotherm data. This method is an extension of the 
Langmuir theory of monolayer molecular adsorption. Equations 2-4 to 2-7 are taken 
from Lowell et al. 141. Equation 2-4 is the BET equation. 
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where W = weight of gas adsorbed, Wm = quantity of monolayer adsorbed gas and C = 
the BET constant. A linear relationship between 1/W[(P0/P)-1] and P/P0 (Figure 2-4) is 
required to obtain Wm and C. This linear portion of the curve is restricted to a range of 
0.05 < P / P0 < 0.35. Wm and C are calculated by applying Equations 2-5 and 2-6, while 
the value of A is obtained from the slope (Figure 2-4) and I is the y-vertical intercept.  
IA
1Wm +
=         Equation 2-5 
I
A1C +=         Equation 2-6   
 
It is suggested that C should not be less than 100. If C < 20, it is associated with an 
appreciable overlap between monolayer and multilayer adsorption; therefore, the 
application of the BET analysis is of doubtful validity 139. 
The total surface area St can be calculated by means of Equation 2-7 and the specific 
surface area is given by dividing St by the sample weight.  
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M
ANWS mt =         Equation 2-7 
 
where N, M  and A are respectively the Avogadro number, the molecular weight of 
adsorbate and the cross-sectional area of adsorbate. The adsorption cross-section depends 
on the size of adsorbate molecules covering the surface; e.g. one nitrogen molecule 
covers 16.2 Å2 at 77 K 141.  
 
 
Figure 2-4: Typical Brunauer-Emmett-Teller (BET) plot; a plot of 1 / W[(P0 / P) − 1] 
versus P / P0. 
 
2.2.4. Porosity studied by the adsorption method 
The porosity of adsorbents in terms of the size and volume of their pores can be studied 
by capillary condensation. Each point of the desorption branch of the hysteresis loop 
defines the adsorption Ws (adsorption weight) corresponding to relative pressure P/P0. 
Studies show that at saturation (P/P0= 1), the liquid volume of adsorbate is essentially 
constant and is dependent on the adsorbents. To calculate the total pore volume, it is 
necessary to measure the total adsorbate volume at the relative pressure above the point 
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where the hysteresis loop closes 141. For example, if Wa grams of nitrogen are absorbed at 
P/P0 = 0.99, then the corresponding volume of pores Vp is given by Equation 2-8 141: 
       Equation 2-8 
 
where ρι = liquid density (density of nitrogen); and from the Kelvin equation (Equation 
2-9) 139, the capillary radius rK can be found as follows: 
RTr
V2)P/Pln(
K
0
γ−
=
        Equation 2-9 
 
where γ is the surface tension and V is the molar volume of liquid nitrogen at 77 K. 
(Equations 12 to 16 are taken from Lowell at el. 141). As nitrogen is the adsorbate at its 
boiling point of 77 K and at the specific relative pressure, the Kelvin equation can be 
rewritten as: 
)()P/Plog(
15.4
r
o
0
K Α=        Equation 2-10 
 
Kr is known as Kelvin radius, which is not a real pore radius since some adsorption has 
already occurred on pore wall. The radius of a cylindrical pore is actually rp and a 
correction is made for the thickness t of a layer already adsorbed on the pore walls, then 
rp can be written as: 
trr Kp +=         Equation 2-11 
 
Assuming that the adsorption depth in the pore is the same as that on the surface for any 
value of relative pressure gives:  
τ
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W
t         Equation 2-12 
Vp = Wa/ρι  
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where Wa is the quantity adsorbed at a particular relative pressure and the value of τ can 
be calculated by considering the area S and the average volume V occupied by one mole 
of liquid nitrogen, (34.6 x 1024)Å3 139,142.  If nitrogen atoms were spread over the surface 
in a layer one molecule thick, the area covered by one mole of nitrogen, S = 
(16.2)(6.023x1023) = 97.5 x 1023Å2, where the diameter of a nitrogen molecule is 16.2 Å 
and there are 6.023 x 1023 nitrogen atoms in one mole. Then:  
54.3
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==τ Å                                   Equation 2-13 
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The plot of Vp (pore volume) versus rp (pore size) will give the average pore size 
distribution for a given adsorbent.  
2.3. Thermogravimetric analysis 
Thermogravimetric analysis is a technique in which the mass of a substance and/or its 
reaction product(s) is measured as a function of temperature whilst the substance is 
subjected to a controlled temperature programme 143. Basically, thermal analysis 
comprises two techniques, which are known as thermogravimetry (TG) and differential 
thermal analysis (DTA). Through these techniques the physical properties of a substance 
are measured as a function of temperature, where the sample and an inert reference are 
subjected to a controlled temperature programme. TG is a simple analytical technique 
that measures the weight loss (or gain) of a material as a function of temperature. In the 
present case, the TG curve plotted weight loss against temperature. DTG is the 
differential of TG and the peak maximum in DTG corresponds to the maximum weight 
loss at a particular temperature. A DTA curve plots the differential temperature against 
either time or temperature. DTA monitors either exothermic or endothermic changes in 
the sample relative to the inert reference 144. 
The aim of the thermal experiments was to determine the thermal character of the 
surfactant directing agent which was used in the synthesis of mesostructured materials. 
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Such thermal information is important because the removal of surfactant from porous 
materials can be completed by heating at a temperature above its decomposition 
temperature. 
2.3.1. Experimental procedure: Thermal studies 
Thermal studies were performed using a Thermogravimetric/Differential Thermal 
Analyzer (TG/DTA) 200 from Seiko Instruments with an empty aluminium sample boat 
as reference. The surfactant samples and aluminium oxide membrane were analysed as-
purchased, while the hybrid-AOM was ground prior to analysis.   
2.4. X-ray crystallography 
X-rays, which were discovered in 1895 by Wilhelm C. Röntgen 145, are a form of 
electromagnetic radiation with a short wavelength (around 10-8 to 10-11 m). X-ray 
crystallography is a technique used to determine the arrangement of atoms within a 
crystal by exploiting the scattering of an X-ray beam by the electrons within the crystal. 
The extent of the scattering can be calculated to determine the unit cell dimensions (d-
spacing) and thus the crystallinity of the structure 146,147. This  information is used to 
understand the structure of a crystal lattice, which is related to the size of the structure 
and the pore wall thickness 29,148. 
The earliest method of X-ray crystallography was single-crystal X-ray diffraction, where 
X-ray beams are reflected evenly from the spaced planes of a single crystal, producing a 
diffraction pattern of spots called reflections. This technique is non-destructive and 
provides information about the crystal structure, including unit cell dimensions, bond 
lengths and bond angles, but it has limitations: it requires a single, robust (stable) sample, 
optically clear and generally 50-250 microns in size.  
However, some solids can only be prepared as microcrystalline powders and 
consequently cannot be examined with the single crystal diffraction technique. In such 
cases, the powder diffraction technique is used instead. The determination of structures 
using powder diffraction data is much more difficult than from single-crystal X-rays, due 
to the collapse of the three-dimensional crystallographic information into a single 
dimension. This creates problems in the determination of the crystal’s unit cell. On the 
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other hand, with the improvements in instruments and algorithmic developments, it is 
now possible to solve different structures from powder diffraction data, so that powder 
diffraction has become a promising technology in the characterisation of crystalline 
materials.  
2.4.1. Principles of X-ray diffraction 
X-radiation arises when matter such as copper is radiated with a beam of high-energy 
charged particles or photons. The beam’s function is to create vacancies in the target’s K-
shell by ionizing electrons. X-rays are produced as a result of electrons from the L and M 
levels dropping into vacancies. Due to this transition, two wavelengths, Kα and Kβ , of X-
ray are produced, where Kα: L→ K and Kβ: M→K. Hence, the wavelength of the X-rays 
produced is determined by the energy gaps between the L and M levels of the metal in the 
target. The commonly used target materials are copper and molybdenum 149. 
Raw X-rays need to be filtered to produce a single wavelength 150 for analytical purposes; 
thus the X-ray wavelength for a copper target is 1.54178 Å. X-rays are scattered by 
crystals in a similar manner to the diffraction of light by an optical grating. Diffraction 
occurs when X-rays interact with a regular structure such as a crystal. When a beam of X-
rays impinges on such materials it is scattered in various directions by the electrons of the 
material’s constituent atoms. If the wavelength of the X-rays is comparable to the 
separation between the atoms, then significant interactions can occur. For diffracted 
radiation of the same wavelength to interfere constructively, the path difference between 
waves scattered by successive planes of atoms must equal an integral number of 
wavelengths. This is described by the Bragg equation 151: 
nλ = 2 d sin θ              Equation 2-15 
 
where the n is an integer, λ is X-ray wavelength, d is the separation between successive 
planes in the sample and θ is the angle of the incident beam. 
For a crystalline solid, which has a particular arrangement of atoms (the smallest 
arrangement is called a unit cell) and which is repeated indefinitely along three principal 
directions (the lattice planes), there will be interference maxima and minima 152. The 
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lattice planes can be defined by the 
indices 150.  For the general case of a plane hkl, the equation can be rewritten as 
d(hkl) sin θ(hkl).  
 
Figure 2-5: Schematic diagram of 
dhkl spacing.  
 
2.4.2. Powder X-ray diffraction 
A powdered sample will contain a very large number of very small crystals which adopt 
the whole range of possible of orientations (as governed by the Bragg equation), because 
each small crystal will be equally dispersed in the
crystals are likely to be oriented similarly and have the same lattice planes. 
Each parallel plane will obey Bragg reflection conditions (
rotated while the angle of incidence is kept constan
surface of a cone with the axis matching that of the transmitted beam. This rotation is 
only an imaginary process and does not occur in the real powder method. What happens 
is that the detector will combine numerous r
crystals, making it correct and following the Bragg’s Law angle with the incident beam. 
As a result, diffracted radiation occurs in the form of a cone (
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Measuring the position of a diffracted X-ray cone requires some analysis. This can be 
achieved by using photographic film or a camera (the Debye-Scherrer method). However, 
the capability of a camera is very limited when dealing with such complex structures. The 
cones become too numerous, complex and overlapping, making it impossible to 
differentiate them using this method. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6: a) A single lattice plane will diffract an X-ray beam in a single direction. 
b) X-ray diffraction cone obtained by scattering from a crystalline powder sample.  
 
Modern X-ray powder techniques give a series of peaks using detectors instead of 
measuring the diffraction intensities as in the Debye-Scherrer method. The X-ray source 
is aligned to fall on the powder sample through a slit, producing a scattered reflection in 
all directions. By scanning around the sample, it is made to cut the diffraction cone at 
various angles (2θ). The X-ray diffraction pattern will display intensity as a function of 
detector angle, 2θ (Figure 2-7).  
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Figure 2-7: Schematic diagram of a powder X-ray diffractometer. 
 
A powder diffractometer records the intensity of monochromatic X-rays diffracted from 
the sample through a range of angles determined by the user. This produces a powder 
pattern, which is a plot of intensity against the angle of incidence of the X-ray beam (2θ). 
The beam will contain peaks where the Bragg equation has been satisfied, corresponding 
to the crystal’s lattice planes. The spacing of the lattice planes may then be determined by 
use of the Bragg equation. 
Powder X-ray diffraction (XRD) is the method most commonly used to characterise 
mesoporous structures, because it reflects the framework and non-framework symmetry 
of the mesostructure constituents. Many powder diffraction patterns appear in the 
literature on macrostructure materials, thus improving the understanding of mesostructure 
diffraction 29,153.   
2.4.3. Experimental procedure: Powder and thin film diffraction 
XRD patterns were collected from a Bruker AXS D8 Advance powder X-ray 
diffractometer using Cu Kα radiation (λ = 1.5418 Å). The powder samples were packed 
carefully into an aluminium holder and pressed with a glass slide to ensure a flat, smooth 
sample surface. Patterns were typically recorded from 2θ = 0.4o to 6.0o. 
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Sample stage 
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For the porous thin film samples, a special holder was designed and built from 
aluminium. Figure 2-8 shows that the thin film was pressed into a flattening block to 
ensure that it had exactly the same height as the sample holder. The sample height is a 
crucial parameter in particular for the small angle X-ray technique. This is because the 
Bragg equation, which is used for d spacing measurement, is based on a sine parameter 
and therefore a small deviation in 2θ value at low angle will correspond to large change 
in d spacing.  
 
 
 
Figure 2-8: Custom-made thin film sample holder. The sample was glued into part A and 
flattened by pressing the back of part A into part B. Only the sides of the sample were 
touched by part B during the flattening process, while the middle of the sample was 
untouched. 
 
2.5. Grazing incidence small angle X-ray scattering (GISAXS) 
GISAXS is another technique which takes advantage of the scattering of an X-ray beam 
by the electrons within a crystal lattice and is often used to study nanostructured surfaces 
and thin films. The present study has demonstrated that this simple technique is in most 
cases sufficient to correctly define the structure as a result of the mono-orientation of the 
ordered domains with respect to the substrate interface, as in low angle X-ray diffraction. 
When access to GISAXS is possible, one of the most common ways of assessing the 
proper structure is to combine 2D diffraction patterns with TEM images. This 
combination provides a direct observation of the mesoporous network and the 
measurement of its periodicity, space group and potential network contraction 154,155. 
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The setup of GISAXS experiments for thin films is shown schematically in 
When the beam hits the surface at a given incident angle 
absorbs most of the incident intensity. Only some rays are scattered and the intensity 
recorded on the 2D detector. The beam is scattered at multiple angles, namely at ß in the 
qz direction and at ϕ in the q
detector 154,156.  
 
 
Figure 2-9: Schematic view of the 
(GISAXS) experimental set
 
Figure 2-10 shows an ex
of a GISAXS pattern is the presence of the Yoneda peak, which develops because of 
interference between the incident and reflected beams at the critical angle. The critical 
angle depends on the m
roughness of the layer also influence the critical angle 
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Figure 2-10: Example of grazing incidence small angle X-ray scattering (GISAXS) 
diffraction image. 
 
The GISAXS diffraction image in Figure 2-10 shows four clear scattering images, and 
each bright spot (except the Yoneda peak) was caused by the diffraction of X-ray beams 
by the sample lattice plane. The distance between diffraction spots and the origin spot 
(the position of the beam without any sample) is actually the distance between two lattice 
planes or the d-spacing and can be estimated manually.  
GISAXS patterns are typically represented as scattered intensity, as a function of the 
magnitude of the scattering vector  =  , and by merging this with the Bragg equation (λ = 2dsinθ), the scattering vector can be converted into q = 4pisin(θ)/λ 158.  From the 
schematic diffraction in Figure 2-9, the θ value can be calculated as follows: 
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Each diffraction spot corresponds to a specific lattice plane (Miller index). If the Miller 
indices and d-spacing are known, the unit cell parameter can be calculated. For example, 
the unit cell for the orthorhombic (Fmmm) space group is estimated by inserting the d-
spacing value and Miller indices into Equation 2-16. 
abcdef = cfgf + dfif + efjf          Equation 2-16 
 
The unit cell parameter can also be calculated by a simulation code such as NANOCELL. 
NANOCELL was written in a Mathematica-based program, which applied the distorted-
wave Born approximation to account for reflection and refraction effects and was 
provided by Hugh W. Hillhouse 159. With the NANOCELL code, the overlay simulated 
spot patterns can be directly mapped onto 2D GISAXS patterns. Thus, diffraction spot 
patterns which correspond to space group may be identified. Characteristic patterns for 
2D GISAXS patterns can be generated for the most common thin film structures using 
this simulation, so that GISAXS patterns that were previously difficult to interpret are 
now relatively straightforwardly solved 159.  
2.5.1. Experimental procedure: GISAXS  
The GISAXS experiments reported in this thesis were carried out in two places: the 
HASYLAB/ DESY EU synchrotron radiation facility in Hamburg, Germany 160 and the 
Chemistry Building at the University of Manchester. At the DESY BW4 Beam-line 
facility, a monochromatic X-ray beam of incident wavelength, 7incident = 1.38 Å (0.138 
nm) was used, with a sample-to-detector distance of 1.920 m. The 2D detector window 
was 2048 pixels × 2048 pixels with 79.144 µm pixel size, fitted with a MARCCD 165 
2D detector. During the experiments, samples of 2.5 cm × 2.5 cm ITO substrate coated 
with calcined porous silica were mounted on a sample holder and tilted at 1°.  
The GISAXS experiments performed in Manchester used an X-ray beam of incident 
wavelength, 7incident = 0.1542 nm (copper target) and a Palatus 2D 100K-S detector with a 
window of 487 pixels × 195 pixels and 172 µm pixel size. The sample-to-detector 
distance was 29 cm and the sample size was 1 cm × 1.5 cm.  Samples of various 
substrates (glass and gold film) were clipped, mounted on sample holders and tilted at 
0.5°.    
Chapter 2                                                                Experimental techniques and procedure 
64 
 
2.6. Scanning electron microscopy (SEM) 
In scanning electron microscopy, magnified images are created using electrons instead of 
light waves as in a traditional microscope. SEM can produce high-resolution images of 
the specimen surface (in nanometres) and images can be viewed in their three-
dimensional appearance, thus showing the morphology of the specimen. This technique is 
important for the analysis of porous structures, because it gives direct evidence of the 
surface morphology.  
SEM instruments work by the measurement of electrons emitted from the surface after it 
is bombarded by an electron source (Figure 2-11: incident electrons). For the purposes of 
SEM measurements, only secondary electrons are counted, whilst other electron waves 
are utilised in different fields. For example, backscattered electrons originate when the 
primary electron bounces off after hitting the nucleus of a sample atom 161. Since these 
electrons come from nuclei, images produced from backscattering electrons can be used 
to determine the crystallographic structure of the specimen. 
 
 
 
Figure 2-11: Types of electron wave emitted from the surface when energetic electrons 
in the scanning electron microscopy (SEM) strike the sample. 
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Secondary electrons originate a few nanometres from the specimen surface and are 
produced when an incident electron passes near enough to an atom in the specimen to 
impart some of its energy to a lower energy electron (usually in the K-shell). This causes 
a slight energy loss and a path change in the incident electron and the ionisation of the 
electron in the specimen atom. This ionised electron then leaves the atom with a very 
small kinetic energy (5eV). SEM detectors count these electrons and the signals are sent 
to an amplifier. The signal is then processed and can be viewed and saved as digital 
images whose brightness is dependent upon the number of secondary electrons being 
detected. The number of secondary electrons can be increased by changing the incident 
angle of the primary electron beam. As this increases, the distance of the primary electron 
at one side will decrease, allowing more secondary electrons to be emitted. This 
technique can improve the resolution of the SEM image 162. 
2.6.1. SEM Resolution 
The resolution of the SEM depends on the size of the electron spot, which in turn depends 
on the wavelength of the electrons, the electron-optical system which produces the 
scanning beam and the brightness of the electron source. To obtain high resolution SEM, 
a very small aperture must be used (≤ 2-10 nm diameter). The small size of the electron 
beam and shorter wavelength will cause a reduction in the intensity of the beam reaching 
the sample, reducing the strength of signal obtained. For a nonconducting sample such as 
silica, the image is often distorted due to ‘charging’ before the resolution of the 
instrument is reached. Charging occurs when the charge resulting from the incident beam 
is not dissipated, causing imaging electrons to be repelled or deflected. However, this can 
be reduced by coating the sample with a very thin layer of a conducting material such as 
gold or carbon. 
2.6.2. Experimental procedure: SEM 
Scanning electron micrographs were taken using an FEI Quanta 200 Philips XL-30 with 
field emission gun (FEG). The samples were prepared by attaching them to double-sided 
carbon tape, then were mounted onto an aluminium microscope holder and sputtered with 
a thin layer of gold to reduce charging.   
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2.7. Transmission electron microscopy (TEM) 
Transmission electron microscopy has the same basic objective as SEM, which is to 
attain high resolution images, but it uses a different technique to obtain them. In SEM the 
image of the specimen surface is obtained by analyzing electrons emitted from a 
specimen, whereas in TEM the image is formed by the deflection of electrons passing 
through the specimen in a vacuum. A source at the top of the TEM emits electrons at high 
voltage (50-100kV). Their wavelength is related to the acceleration voltage, V,  by 144: 
k = l(fmno)a/f        Equation 2-17 
 
where m and e are the mass and charge respectively of the electron and h is Planck’s 
constant. The electron wavelength (e.g. ~0.04 Å at 90 kV) is much shorter than the X-ray 
wavelength (7 = 1.542 Å with a copper target) used for diffraction experiments. 
Therefore the Bragg diffraction is small and the beam is concentrated and undiffracted. 
The electrons travel through a high vacuum in the column of the microscope (Figure 2-
12), where electromagnetic lenses focus them into a very thin beam. Depending on the 
density of the material, some of the electrons which pass through the sample are scattered 
from the beam. At the bottom of the microscope the unscattered electrons hit a 
fluorescent screen, which gives rise to a ‘shadow image’ of the specimen with its 
different parts displayed in varying degrees of darkness according to their density. The 
image can be studied directly by the operator or photographed with a camera. Sample 
preparation (especially the sample thickness) is critical in TEM and the recommended 
sample thickness is 10-200 nm 163,164. Darker areas of the TEM image show that the 
sample is thicker or denser. 
TEM is not as straightforward a method for obtaining structural information as high-
resolution SEM. The images projected on the screen show structural information on the 
materials only along the direction of incidence. To date, the structures of the pores and 
cages defined by the inorganic domain structure have been inferred indirectly from other 
methods, such as adsorption isotherm measurements or by using assumed structural 
models to generate diffraction patterns or images to compare with experimental data 
144,151
. 
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Figure 2-12: Schematic diagram showing the basic components of a transmission 
electron microscope (TEM). 
 
2.7.1. Experimental procedure: TEM 
TEM images were recorded on a Tecnai G2 microscope operating at 300 kV. Prior to 
analysis, specimens were ground or scraped from the substrate of a porous thin film and 
further dispersed by sonication in acetone for one minute. A few drops of solution 
mixture were dispersed on a copper grid (Agar Scientific) using a dropping pipette and 
then allowed to dry at ambient temperature 19.  
2.8. Atomic force microscopy (AFM) 
The forerunner of atomic force microscopy was scanning tunnelling microscopy (STM), 
which was developed in the early 1980s by Gerd Binnig and Heinrich Rohrer. In 1986, 
Binnig, Quate and Gerber developed the first AFM instrument to overcome a basic 
drawback of STM, which was limited to imaging conducting or semiconducting surfaces. 
AFM uses a cantilever with a sharp tip (probe) to scan the specimen surface (Figure 2-
13). The cantilever is typically silicon or silicon nitride with a tip radius of curvature in 
Electron source 
Electron beam 
Viewing screen 
Electromagnetic lens 
Specimen 
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the order of nanometres, positioned at the end of a cantilever beam shaped much like a 
diving board. When the tip is brought into proximity of a sample surface, forces between 
the tip and the sample
using a laser spot reflected from the top surface of the cantilever into an array of 
photodiodes. AFM can provide a three
sample treatments are normally required, which eliminates the need for the modification 
of the sample 165,166. 
Figure 2-13: A typical 
JPK Instruments 167). 
 
The resolution of AFM is dependent on the radius of curvature of the tip used. In the 
present study, all exper
image pores smaller than 10 nm. However, with 3D imaging capabilities, AFM was used 
to measure the thickness of the film produced by comparing step height at the edge of 
substrate surfaces covered and uncovered by the porous film 
2.8.1. Experimental procedure: AFM
Atomic force micrographs were r
samples were taken from as
run across (perpendicular to) razor cuts made in a homogeneous section of the silica film. 
The thickness was then de
            Experimental techniques and procedure
 lead to a deflection of the cantilever. The deflection is measured 
-dimensional surface profile and no additional 
atomic force microscopy (AFM) instrumental setup
iments used a tip of 10 nm width. Therefore it was impossible to 
80
. 
 
ecorded on a JPK Nanowizard II AFM system. The film 
-synthesized material. In the measurements, a silicon tip was 
termined from the height of the razor cut. 
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2.9. Infrared spectroscopy (IR) 
Infrared (IR) spectrometers have been utilized to analyse solids, liquids and gases by 
recording the IR radiation transmitted directly through the sample 168. The energy of 
absorption is proportional to the frequency of vibration within the sample molecules:  
∆r = ls         Equation 2-18 
 
where h is Planck’s constant and v is the vibrational frequency. In spectroscopy it is 
common for the energy/frequency to be quoted in wavenumber (cm-1), a measure of the 
number of waves in one centimetre and thus the reciprocal of wavelength. The 
parameters are connected by the following equation: 
k = t × l∆r         Equation 2-19 
 
where c is the velocity of light in a vacuum. However, the direct measurement technique 
has limitations when dealing with very thin samples such as the thin film prepared in this 
research. Attenuated total reflectance with infrared (ATR-IR) has, in recent years, 
transformed the ease of preparation of solid and liquid samples and spectral 
reproducibility. 
ATR-IR operates by measuring the changes that occur in a totally internally reflected 
infrared beam when it comes into contact with a sample (Figure 2-14) 169. The IR beam 
is directed onto an optically dense crystal with a high refractive index at a certain angle. 
This internal reflectance creates an evanescent wave which extends beyond the surface of 
the crystal into the sample held in contact with the crystal and is transmitted to the crystal 
surface as decaying infrared waves. These evanescent waves extend only a few microns 
(0.5–5 µm) beyond the crystal surface into the sample. There must be good contact 
between the sample and the crystal surface. In regions of the infrared spectrum where the 
sample absorbs energy, the evanescent wave will be attenuated or altered and these 
changes are detected by the IR detector. 
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Figure 2-14: Multiple reflection of infrared (IR) in the attenuated total reflectance-
infrared (ATR-IR) crystal. 
 
2.9.1. Experimental procedure: IR 
Infrared spectroscopy measurements were performed using a JASCO FT/IR-4100 
spectrometer attached to a PIKE MIRacle™ ATR. ATR-IR was used to analyse and 
determine the absorption/ transmittance spectra of organic materials. The presence of any 
C-H absorption would indicate surfactant remaining in the sample. During the 
measurements, surfactant samples were placed directly on the crystal window. The 
hybrid-AOM was first ground and porous thin film was scraped out from its substrate 
then analysed. The results of the IR measurements indicated the efficiency of the 
procedures used to remove the surfactant, such as calcination and solvent extraction.   
2.10. Electrochemistry 
Porous materials can be studied electrochemically, since the presence of pores of 
molecular dimensions allows solution phase species to be transported selectively through 
these materials to underlying electrodes. The electrochemical responses are affected by 
the surface charge and the coating conditions of the sample. The divergence of responses 
compared to a smooth electrode reflects the unique characteristics of the porous surface 
being studied. Since electrochemistry deals with electrodes and currents, the preparation 
of electrodes from the mesoporous material is a major consideration 170. 
There are several ways to prepare an electrode for the study of a mesoporous material, 
depending on its degree of electrical conductivity. For example, if the material is an 
insulator, it may be necessary to disperse it onto a more conductive matrix such as 
graphite or a metal. If solutions of the material are available, spin-coating or dip-coating 
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procedures can be used to prepare a mesoporous film on a conductor material. In the 
work reported in this thesis, porous thin films were dip-coated onto ITO and gold film 
conductors, while a thin layer of gold was evaporated onto one side of the hybrid-AOM 
materials.  
Here, a potential sweep method is used to characterise the porous sample 85,171. The 
method consists of two related techniques, which are linear sweep voltammetry (LSV) 
and cyclic voltammetry (CV). In LSV, the working electrode potential is ramped linearly 
versus time to a set potential, while in CV the working electrode potential is ramp 
inverted after it reaches a set potential. This inversion can happen multiple times in one 
single experiment. CV is often the first method chosen by an electrochemist to study the 
electrochemical behaviour of materials 172,173.   
2.10.1. Cyclic voltammetric method  
Cyclic voltammetric (CV) measures the current response at an electrode surface to a 
specific range of potentials in solution 173. This technique provides a fast and simple 
method for the characterisation of porous materials using redox-active systems, which 
can diffuse through porous materials to an underlying electrode.  
The voltammetric technique is based on the application of a variable electrode potential 
(E) and the monitoring of the resulting current (I) due to redox process or ionic species in 
solution over a period of time (t) 174. The voltammetric cell consists of three electrodes: 
working, reference and auxiliary. The working electrode is where the electrochemical 
phenomenon (reduction or oxidation) being investigated takes place and in this case, 
where the mesostructure is positioned. An appropriate potential applied to this electrode 
will result in the transport of material to the electrode surface and the generation of a 
current. The reference electrode has a constant potential and this is set as the standard 
against which the potentials of the other electrodes are measured. Finally, the counter or 
auxiliary electrode serves as a source/ sink of electrons, so that current can be passed 
from the external circuit through the electrochemical cell. Auxiliary electrodes are often 
fabricated from electrochemically inert materials such as gold, platinum or carbon. In the 
present work, the auxiliary electrode was made from platinum attached to a platinum 
mesh to increase the electrode surface area. 
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The reference electrode used in this study was silver/ silver chloride (Ag/AgCl), chosen 
for its simplicity, its robustness and because it can be easily and effectively ‘revived’ 
should it dry out. Moderately high temperatures (<100 °C) can be tolerated, as long as the 
AgCl does not completely dissolve.   
The Ag/AgCl electrodes were fabricated in the lab by oxidation of silver wire of 99.99 % 
purity and a diameter of 0.0508 cm. The silver wire was oxidised in 1.0 M KCl solution 
at ambient temperature for 30 min by connecting it to a 9 V battery in series with a 1 MΩ 
resistor. The anodising process was done using a silver wire as anode and a carbon rod as 
cathode. After a while the colour of the silver wire changed to dark brownish-grey.  
The advantage of using the Ag/AgCl reference electrode is that it minimises cross 
contamination problems, but the disadvantage is that the silver surface, with time, may 
not give reproducible potentials 175. To obtain a better reference electrode, a saturated 
solution (3 M) of potassium chloride is often used as a filling solution, thus making the 
silver ion concentration very low and constant. The electrode now responds to anions and 
the activity is controlled by the concentration of anions and the solubility product of the 
salt 176,177.  
In CV the current is monitored between the working and the auxiliary electrode, and the 
voltage between the reference and working electrodes. The diffusion coefficient of ideal 
planar diffusion and reversible electrons transfer can be determined by the Randles-
Sevčik equation, as in Equation 2-20.  
uv = w. yyz{|}  {|~#a/f a/fνa/f        Equation 2-20 
 
where the magnitude of Ip is a function of the number of electrons transferred (n), the 
electrode area (A), the temperature (T), the diffusion coefficient (D), the scan rate (ν) and 
the concentration of the analyte 178.  Figure 2-15 shows the parameters obtained by cyclic 
voltammetry.   
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Figure 2-16 shows the electrochemical cell for porous silica electrochemical 
measurements. A potentiostat was used to monitor the current between the working and 
auxiliary electrodes and the voltage between the reference and working electrodes. In the 
present study, electrochemical experiments were performed with a  PGSTAT20 Autolab 
potentiostat controlled by the GPES electrochemical software (Eco Chemie). 
2.10.2. Electrochemical deposition 
Electrochemical deposition can be divided into electrodeposition (EDP) and electroless 
(ELDP) deposition. Both methods have the same objective, which is to coat the surface to 
improve its properties. The difference is that EDP uses an electrical current to deposit the 
coating materials, while ELDP uses a reducing agent.  
In general, EDP involves the reduction of precursor metal ions (M+) from aqueous, 
organic or combined salt electrolytes and their deposition on the cathode. The general 
equation for aqueous deposition of a metal M+ is as follows: 
M+n(aq) + ne-(s) →  M(s)      Equation 2-21 
 
where n is the number of electrons transferred. The cathode material can be the metal M 
or any other surface that is to be coated by it. The anode material can be either the metal 
to be deposited (in the case of electrodissolution, where the anode continuously supplies 
the metal ions) or an inert material.  
EDP is a reliable technique for creating layers of thin films on conductor surfaces and is 
therefore widely used to produce uniform coatings which require high amounts of 
precision, especially in electroplating for corrosion prevention 179, purification of metals 
and microelectronic fabrication 180. It is also used in the shaping of freestanding objects 
and coating irregularly shaped objects. In nanotechnology, EDP has been used to produce 
nanodimensional permanent magnets and nanowires, which are fabricated by the 
electrodeposition of oxides or alloys of metals such as Co, Ni and Fe 181-184 onto porous 
materials.  
The EDP process starts with the formation of metallic nuclei on the electrode substrate. It 
is influenced by the crystal structure, adhesion energy and lattice orientation of the 
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surface. The final distribution of the electrodeposits, however, depends strongly on the 
kinetics of the nucleation and growth of the deposits (Figure 2-17) 108.  
 
Figure 2-17: Schematic diagram of the electrodeposition (EDP) process in a confined 
space such pore for mesoporous material: (a) As soon as the potential is applied, nuclei 
are formed. (b) Over time the nuclei overlap and start to fill the pores. (c) The pores are 
completely filled by nuclei. 
Two distinct nucleation steps occur during the EDP process: instantaneous and 
progressive nucleation. Instantaneous nucleation is when all the nuclei from surroundings 
are instantly formed on the electrode, whereas progressive nucleation is where the 
number of nuclei increases over time (Figure 2-17) 108.  
The morphology and composition of electrodeposits depend significantly on the current 
applied, the nature (i.e. concentration and charge) of the cations or anions in the solution, 
the ion composition in the EDP bath and its temperature, the existence of impurities and 
finally the physical and chemical nature of the electrode surface. By applying a simple 
calculation using Faraday’s law of electrolysis (Equation 2-22), the quantity of ions 
deposited can be predicted 185,186.  
∫ ==
t
0
F)e(nidtq        Equation 2-22  
  
where q = quantity of electricity or charge in coulombs (C), I = current in amps (A), t = 
time in seconds, n(e) = moles of electrons and F = Faraday constant = 96, 500 C mol-1. 
Pore 
Nuclei 
Cathode 
(a) (b) (c) 
Cations Reduced cations 
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2.10.3. Electroless deposition (ELDP) 
Electroless deposition is a method for coating metal films onto surfaces without 
supplying any external current. It involves reducing an ionic form of the metal at a 
surface, using a chemical reducing agent. The application of electroless deposition has 
had a major impact on the techniques utilized to metalize both conductors and insulators. 
The printed circuit industry, for instance, was founded on the ability of electroless 
conductor materials to cover both insulators and conductors with a uniform thickness of 
metal. In engineering, nickel is widely used not only to coat articles of complex geometry 
but also to impart properties of hardness and wear resistance to parts made of various 
other metals and alloys 187. In the field of gold deposition, especially in the electronics 
industry and jewellery, there is a consistent requirement to plate complex shapes with 
gold, for example electrically isolated tracks and bonding pads.  
In principle, systems for ELDP such as gold plating should be as easy to operate as those 
for the deposition of base metals, employing single metal solutions. Today, large numbers 
of electroless gold plating bath formulations appear in the literature, both in the form of 
technical papers and as patents.  
The general form of electroless deposition equations is as follows: 
Mn+(aq) + RED(aq) →M(solid) + OXY(aq) 
where    M  : Metal  
   RED  : Reducing agent 
   OXY  : Oxidised from of reducing agent 
ELDP is more economical for metal coating than the EDP or evaporation techniques. 
However, ELDP has various limitations. First, the deposition rate is low and difficult to 
control, while in EDP it can be controlled by varying the applied current or potential. The 
bath conditions must also be carefully controlled, because they will affect the film 
thickness and deposition rate, while substrates must be thoroughly cleaned and plating 
baths tend to have relatively short lives. Finally, the thickness distribution of deposits is 
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sensitive to stirring conditions. Because of these limitations, most electroless deposition 
processes have fixed conditions to ensure high reproducibility.  
2.10.4. Experimental procedure: Electrochemistry 
Hybrid-AOM electrochemical experiment setup 
 
Figure 2-18: Schematic view of in-house electrochemistry cell for hybrid-AOM and bare 
aluminium oxide membranes experiments. 
 
Electrochemical experiments to characterise porous hybrid-AOM were performed in cells 
made in-house, as shown in Figure 2-18. Before the experiments the membrane (hybrid-
AOM or bare aluminium oxide) was evaporated with gold on one side to form a one-
sided conductor. The conducting side was connected to an external circuit and the other 
side was placed in contact with the redox solution. The exposed window was set at 0.4 
cm diameter and made from polyethylene terephthalate (PET / Mylar). Mylar was 
selected because it hardly absorbs water, is chemically resistant and has a less 
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hydrophobic character than Teflon (PTFE). These properties make Mylar a suitable 
choice when working on an aqueous system. 
Preparation of porous 
Porous silica thin film electrodes were prepared by dip
(either gold film or ITO) in the precursor solution. Prior to the electrochemical 
experiments, the silica film went through several treatments to s
(detailed discussions in 
0.7 cm diameter O-ring was placed on the film and silicone adhesive was used to cover 
the remainder, allowing only the area inside the ring to 
2-19 shows the electrode which was used for mesostructure measurements, where the 
porous thin film was grown on evaporated gold. 
 
 
Figure 2-19: Photograph of evaporated go
was exposed for electrochemi
silicone glue (total dimensions of sample: 25 mm 
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SBA-16 thin film electrode 
-coating the conducting substrate 
Chapter 4), followed by the surfactant removal process. Next, a 
be exposed to electrolyte. 
 
ld film electrode. Only the area inside the ring 
cal experiments, while the remainder was covered × 25 mm). 
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3. CHAPTER 3: HYBRID-AOM POROUS MATERIALS 
Chapter Objective: 
1. To synthesize free-standing mesostructure materials grown within with 
commercial aluminium oxide columnar membranes (hybrid-AOM) using 
triblock co- polymer (Pluoronic P123) as template. 
2. To study the surfactant removal process via calcination, peroxide treatments and 
ethanol extraction. The removal efficiency is confirmed by spectroscopy 
technique (Infra red spectroscopy). 
3. To characterize the mesostructure morphology and crystallinity by using 
microscopy technique (transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM)), an adsorption method (nitrogen adsorption) and X-
ray diffraction method (small angle X-ray diffraction (SAXRD). The results are  
compared with SBA-15 powder material. 
4. To study the hybrid-AOM active surface area and porosity using voltammetry 
method (cyclic voltammetry, CV) using ferrocene methanol as a redox active 
probe. 
3.1. Introduction 
The synergetic coupling between sol-surfactant chemistry and inorganic membranes as 
hybrids has opened new avenues for advanced materials research. Indeed, the ability to 
position ‘organized matter’ at the nano-scale inside membrane pores such as 
commercial aluminium oxide membrane (AOM) has been a significant 
breakthrough188,189.  
Aluminium oxide in a form of membrane or powder is an inorganic compound with the 
chemical fourmula of Al2O3. Aluminium oxide offered a good chemical, thermal 190 and 
mechanical stability and not necessarily to be used as a filter 191 catalyst or filler. 
Alumium oxide membrane (AOM) in particular, is normally made from anodizing a 
very thin aluminium sheet in acid electrolytes such as sulfuric acid. As a result the 
aluminium oxide membrane which  has relatively regular pore is produced 190. AOM 
has been used as template or backbond for other materials such as nanowire 107,192,193 
and growing silica mesostructure189,194 inside AOM columnar (pores). This kind of 
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hybrid can offer many applications. For instance, nanowire produce has follow the 
AOM pore size and a free standing AOM with mesostructure within its columnar 
(hybrid-AOM) can be used in wide variety of fields such as separation, catalysis and 
adsorption. The hybrid-AOM pore size can be tailored by growing different type of 
mesostructure and this provides the applications opportunity for wide verity of 
molecular size.  
Many researchers have tried to find the best technique to insert silica mesostructures 
into AOM and to characterise the resultant hybrid materials. For instance, Kumar et al. 
194
 and Sakamoto et al. 189 have reported the growing of nanostructured MCM-48 within 
alumina supports. MCM-48 was prepared from cetyltrimethylammonium bromide 
(CTAB) as a structure directing agent. The hybrid mesoporous silica membranes were 
prepared by hydrothermal treatment 189,194 and spin-coating 189 of silica solution onto the 
alumina support. The surfactant template was removed via calcination and Soxhlet 
extraction. Both authors studied the permeability of various gases through the 
membranes and observed the presence of pinhole defects.   
Platschek et al. 126,195,196 grew silica mesostructure by immersing AOM in a silica 
precursor solution. From their observations, the silica structures inside the AOM 
columnar material were variously parallel, hexagonal and lamellar to the substrate. They 
also calcined the sample and found that shrinking was evident where the silica structure 
occupied half or less of the pore area (Figure 3-1). 
Results published by Lu et al. 58 indicate that SBA-15 was successfully inserted into an 
AOM columnar structure. They did claim that the orientation of the SBA-15 channels 
was parallel to the AOM pores. However, the only evidence was a TEM image of 
ground SBA-15/AOM (Figure 3.2). The SAXRD pattern in their supporting documents 
shows very weak peaks of (110) and (200) for the SBA-15 lattice planes.  
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Figure 3-1: Micrograph taken from Platschek et al. 126,196; Transmission electron 
microscopy (TEM) images of A) cross-section of mixed-phase transitions between 
doughnut-like circular and columnar structures; and B) 2/3 of aluminum oxide 
membrane (AOM) columns filled with mesostructure. 
 
` 
Figure 3-2: Micrograph taken from Lu et al. 188; Transmission electron microscopy 
(TEM) image of alumina membrane with claimed inclusion of SBA-15. 
(A) (B) 
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Similar results were obtained from a different method, reported by Yamaguchi et al. 197. 
Instead of immersing the alumina membrane in a silica precursor as above, they 
dropped a mixture of silica precursor with CTAB as surfactant into the alumina 
membrane. This led to the formation of silica-surfactant nanocomposite at a desired 
region in the alumina columnar membrane.  
None of the work mentioned above really discusses the packing of mesostructure inside 
the AOM columns. Therefore, it is wise to address this question, because a good 
packing of hybrid-AOM will ensure that any component that permeates through it is 
based on the mesostructural character of the system rather than its structural defects. 
In the present research, the method used was based on the synthesis suggested by Lu et 
al. 188. The silica precursor was prepared from poly(ethyleneglycol)–block–
poly(propyleneglycol)–block–poly(ethyleneglycol) (EO20PO70EO20, also known as 
Pluronic 123 (P123) as structure-directing agent, with tetraethyl orthosilicate (98 %) as 
inorganic source and HCl as catalyst. The silica mesostructure was grown within the 
aluminium oxide columnar membrane by the gelling method. The membrane produced, 
which was designated as hybrid-AOM, was free standing, with an amorphous 
mesostructure grown within the AOM columns.  
3.2. Experimental 
3.2.1. Chemicals and reagens 
AOM was purchased from Whatman with a thickness of 60 µm, pore diameter of ca. 
0.2 µm and disc diameter of 13 mm. Pluronic P123, with an average molecular weight 
of 5800 g mol-1, was purchased from Aldrich. TEOS (98 %) was used as the silica 
source for hybrid-AOM synthesis and was purchased from Aldrich. Ethanol and 
hydrochloric acid, of analytical grade, were purchased from Fisher Scientific. For 
electrochemical experiments, the ferrocene methanol (FcMeOH) and potassium 
potassium phthalate (KHP) buffer were purchased from sigma Aldrich. All solutions 
were prepared with high-purity water (18 MΩ cm) from a Millipore “milli-Q” water 
purification system. 
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3.2.2. SBA-15 synthesis 
Santa Barbara Amorphous-15 (SBA-15) has been the most extensively investigated 
mesoporous material according to reports in the literature. It is known as a mesoporous 
silica, which is characterised by two-dimensional hexagonal structures (p6mm), large 
BET surface area (>700 m2/g) endowed with larger pores and thicker pore walls than 
MCM-41 49. As far as SBA-15 is concerned, the most common morphology consists of 
bundles of fibres several tens of micrometers in length obtained by coupling short rod-
like particles 25,198.  
The objective of preparing SBA-15 in this project was to compare its properties with 
those of hybrid-AOM, as the two were prepared from the same materials but differed in 
the material concentration ratio. The SBA-15 mesoporous silica was synthesized by the 
method suggested by Sayari et al. 70. First, an aqueous solution was prepared by 
dissolving 4.0 g of Pluronic P123 in 30 ml of deionised water and 120 ml of 2 M HCl in 
a polypropylene bottle and stirring at 35 °C for 20 hours. Next, 8.50 g of TEOS were 
slowly added with vigorous stirring for 15 minutes. The mixture was kept under static 
conditions at the same temperature (35 °C) for 20 hours. The milky mixture was 
transferred to an oven for 24 hours at 90 °C (hydrothermal process). The white solid 
precipitate was separated by vacuum filtration, washed with water and dried at 45 °C for 
3 days. Finally, the sample was calcined at 500 °C in air for 6 hours.  
3.2.3. Hybrid-aluminum oxide membrane (hybrid-AOM) synthesis  
Synthesis of the hybrid-AOM template started with the preconditioning of the substrate. 
AOM was heated at 110 °C for 5 minutes prior to use to ensure that the membrane was 
free from moisture, which can cause blockages in the AOM pore channels. The hybrid-
AOM precursor solution was prepared by mixing 10 g of P123, 50 ml of ethanol and 2 g 
of 1M hydrochloric acid. The mixture was stirred at 35 °C for 2 hours, then 20.08 g of 
TEOS were slowly added to the solution and the mixture was stirred for a further hour 
at the same temperature. Pieces of AOM held in a membrane holder custom built in-
house (Figure 3-3) were immersed in the hybrid-silica solution. The use of a holder was 
important in these experiments to ensure that the free standing hybrid-AOM retained the 
membrane shape. Without it, the sample would stick to the bottom of the vial and it 
would be impossible to remove the membrane without cracking. The holder was made 
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from PTFE, a polymer known to be stable at low pH, and designed to hold the sample 
5 mm from the bottom of the vial.  
 
 
 
 
 
 
Figure 3-3: A: Schematic diagram of aluminum oxide membrane (AOM) holder; B: 
Photograph of bare AOM with membrane holder before gelation process. 
 
The samples were left at room temperature (gelling process) with an open lid for 4 days 
and the gelled solution was then heated in the oven at 90 °C for 24 hours. The samples 
obtained were then carefully separated from the dried gel using filter paper. The product 
was a free-standing membrane with silica structures inside its pores, which was named 
hybrid-AOM. 
3.2.4. Aluminum oxide membrane (AOM) and hybrid-aluminum oxide 
membrane (hybrid-AOM) electrode preparation. 
A membrane electrode was fabricated by evaporating high purity gold (99.9999 %) onto 
one side of our samples. Gold was chosen as a dispersed conductor because it has 
relatively high conductivity and other desirable properties. Its conductivity is 48.8×104 
S/cm, which is lower than silver (68.0×104 S/cm) 199.   However, gold is better because 
it is chemically resistant to almost all acids and salt solutions, therefore making it the 
first choice. The disadvantage of using gold as an electrode material is its high price 
compared to carbon, copper or silver. 
Aluminium oxide 
membrane 
Sample 
holder 
(B) (A) 
5 mm 
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Pure gold was dispersed onto samples using an Edwards E306 evaporator, where the 
pressure of the chamber must reach 10-6 mbar before evaporation starts. Pure gold wire 
was evaporated by heating a slug (boat) made from tungsten to a temperature high 
enough to boil the gold within it. The deposition rate was controlled at around 0.1-
0.3 Å/s. The thickness of the gold layer was measured by a quartz crystal microbalance 
(QCM) positioned at the centre of the gold evaporation stream. Once samples had 
reached the required film thickness, they were removed from the evaporation chamber 
and kept in capped bottles. 
3.2.5. Electrochemical experiments  
Electrochemical experiments were run in an electrochemical cell made in-house, as 
shown in Chapter 2, Figure 2-18. Cyclic voltammograms were performed using a 
electrode setup where the membrane material was set as the working electrode with an 
open area of 0.123 cm2 (0.4 cm diameter), platinum gauze as the counter electrode and 
Ag/AgCl as the reference electrode. The electrochemical solution comprised 500 µM 
FcMeOH in 500 mM KHP (pH 4). As a comparison, a commercial gold electrode of 
0.031 cm2 (0.2 cm diameter) was used as a working electrode. All electrochemical 
experiments were performed with a  PGSTAT20 Autolab potentiostat controlled by the 
GPES electrochemical software (Eco Chemie). 
3.3. Results and discussion 
3.3.1. X-ray diffraction (XRD) and scanning electron microscopy (SEM) analysis     
X-ray diffraction analysis was performed using a Bruker AXS D8 Advance 
diffractometer operating with Cu Kα radiation. The powder SBA-15 diffraction pattern 
and the peak analysis are shown in Figure 3-4. The low angle XRD patterns of as-
synthesized and calcined samples exhibited typical XRD patterns of SBA-15 
mesoporous materials 200,201 and this is associated with p6mm hexagonal symmetry 33. 
An intense peak observed at 2θ = 0.84o for as-synthesized and at 0.9o for calcined 
samples corresponds to the (100) diffraction peak 49. Two additional peaks were 
observed in both samples, which can be indexed as (110) and (200) 33. The peak 
positions for calcined sample were shifted to a lower 2θ, which correspond to a lower d-
spacing.  The unit cell parameter was 121.30 Å before calcination, shrinking to 111.17 
Chapter 3                                                                           Hybrid-AOM Porous Materials 
 
86 
 
Å after calcination; this is a typical effect of heat treatment on porous silica materials, 
which causes shrinking of the silica structure 200,202.   
 
Sample 2θ/o d-spacing (Å) Index Unit cell (Å) 
SBA-15 as-synthesized 0.84 105.03 (100) 121.44 
1.46 60.71 (110) 121.02 
1.68 52.40 (200) 121.44 
   Average 121.30 
SBA-15 calcined 0.91 99.19 (100) 112.10 
1.59 54.98 (110) 111.13 
1.85 47.76 (200) 110.29 
 Average 111.17 
 
Figure 3-4: Powder small angle X-ray diffraction (SAXRD) patterns of mesoporous 
silica SBA-15 as synthesized, calcined at 500 °C for 6 hours in air, and table of peak 
analysis 
0.3 0.8 1.3 1.8 2.3 2.8 3.3 3.8
C
o
u
n
ts
 
(a.
u
.
)
Position [2θ/o ] 
(200)
(100)
As-synthesized
Calcined
(110) 
Chapter 3                                                                           
 
 
 
 
Figure 3-5: High resolution scanning electron microscopy (
calcined SBA-15, A) low magnification; B) side view C)
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The high-resolution SEM (HR-SEM) images in Figure 3-5 A reveal that the calcined 
SBA-15 sample consisted of many rope-like domains. Figure 3-5 B is the side view of 
SBA-15 which shows its rod-like morphology, while Figure 3-5 C is the cross sectional 
view, which depicts an open pore. These results are consistent with reports published 
elsewhere 49,70. 
3.3.2. Surfactant decomposition: Thermal study  
Thermoanalytical studies of the P123 surfactant were performed using a TG/DTA 200 
instrument (Seiko Instruments) with an empty aluminium sample boat as reference. The 
aim was to determine the thermal parameters, such as decomposition temperature, of the 
structure-directing agent which was used in the synthesis of hybrid-AOM. Such thermal 
information is important because the removal of the surfactant from the bulk material 
can be completed by heating at temperatures above the decomposition temperature. The 
thermogravimetric technique is discussed in more detail in Chapter 2, Section 2.3 and 
thermal analysis of bare AOM membrane is shown in Figure 3-6.   
Figure 3-6 illustrates the thermal analysis curves of bare AOM membrane as purchased. 
The TG curves of bare AOM indicate the occurrence of processes causing an increase of 
1.6 % in the mass of residue. These may have come from additional oxidation of metal 
(aluminium) in the AOM when exposed to a very high temperature. However, the 
weight alteration was relatively small (~1.2 %). The DTG trace is a straight line, which 
means that there was no dramatic alteration of the AOM in the temperature range of the 
study. This suggests that AOM can be considered stable at temperatures up to 700 °C. 
Figure 3.7 shows the TG, DTA and DTG curves of as-purchased P123 heated from 
ambient temperature to 600 °C. Maximum P123 decomposition was at 265.6 °C, with a 
strong endothermic effect. The TG and DTA curves indicate that the surfactant 
decomposed in one step with a sharp drop in the range from 170.0 °C to 268.0 °C. 
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Figure 3-6: Thermoanalytical curve of aluminum oxide membrane (AOM) at 10o/min 
in air. 
 Figure 3-7: Thermoanalytical curve of surfactant P123 surfactant at 10o/min in air 
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Figure 3-8: Thermoanalytical curve of hybrid-aluminum oxide membrane (hybrid-
AOM) at 10o/min in air. 
 
Figure 3-8 shows the thermal curves of hybrid-AOM heated from ambient temperature 
to 700 °C. The DTG and DTA curves indicate that the material decomposed in two 
stages in the range from 146.8 °C to 293.7 °C. The peak at 185.1 °C marks the 
decomposition of  unreacted TEOS, which boils at 168 °C 203. The TEOS 
decomposition temperature is slightly higher because extra energy is required to 
overcome forces such as van der Waals and hydrogen bonding interactions between 
unreacted TEOS and hybrid components. The decomposition of P123 can be observed 
as a small hump in the DTG thermogram between 240 °C and 290 °C.   
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Heating of the hybrid sample above 293.7 °C and up to 700 °C caused no further 
alteration in residual weight, which means that the remaining compound (silica 
structure) and AOM were stable up to 700 °C. The final decomposition temperature was 
slightly higher in hybrid-AOM samples than in pure P123, because in the former, extra 
heat was needed to overcome the bonding energy between AOM and the other 
components of the material and to expel decomposed materials from confined pore 
spaces. Thermal analysis data provide a valuable reference for surfactant removal via 
heat treatment such as calcination. 
3.3.3. Surfactant: Infrared study  
In this research, IR-spectroscopic measurements were performed using a JASCO FT/IR-
4100 attached to a PIKE MIRacle™ ATR (ATR-IR). The detailed theory and 
application of ATR-IR is presented in Chapter 2 Section 2.9. Here, ATR-IR was used 
to analyse and determine functional groups. In this study, the surfactant (P123) was 
made from (Poly(ethyleneoxide-b-propyleneoxide-b-ethyleneoxide), EO99PO65EO99) 
block copolymer. This two-block polymer consists of H-bonded groups and the 
presence of this group in IR spectroscopy indicates the presence of surfactant-directing 
agents in the samples studied.  
Figure 3-9 compares the IR spectrum of the as-synthesized hybrid-AOM and as-
purchased P123 surfactant. The surfactants can be recognised by two intense narrow 
bands corresponding to the CH2 stretching vibrations around 2700-3000 cm-1 and C-H 
deformation around 1300-1500 cm-1 204,205.  It is clear that the CH2 stretching and C-H 
deformation which was observed in pure P123 also appeared in the as-synthesized 
hybrid-AOM sample. This confirms the existence of P123 in the hybrid sample. 
However, the CH2 stretching bands are lower due to reduced P123 content in the hybrid 
sample.  
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Figure 3-9: Attenuated total reflectance-infrared (ATR-IR) spectrum of CH2 stretching 
vibration for A) pure P123 surfactant and B) as-synthesized hybrid-aluminum oxide 
membrane (hybrid-AOM). Spectrum No 1: wavenumbers 3206 cm-1 to 2669 cm-1; 
spectrum No 2: wavenumbers 1560 cm-1 to 1107 cm-1. 
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3.3.4. Aluminum oxide membrane morphology  
The morphology of the bare AOM as-purchased, as revealed by SEM, is shown in 
Figure 3-10. From the HR-SEM images, it was estimated that the mean pore diameter 
was between 200 and 300 nm. Thus, the AOM can be categorized as a macroporous 
structure 139. All pores were facing towards the SEM detector but differed slightly in 
size and shape: Figure 3-10 C shows the rounded shape of the pores when viewed from 
above, while Figure 3-10 D shows their box shape when viewed from beneath. Finally, 
the cross-sectional image in Figure 3-10 B shows that the orientations of the pore 
channels were parallel to each other; this terminology will be used throughout the 
report. The images will be used as a reference for any modification made of the AOM. 
 
Figure 3-10: High resolution scanning electron microscopy (HR-SEM) images of blank 
aluminium oxide membrane (AOM); A) cross sectional, B) magnification of cross 
sectional, C) top view and D) bottom view. 
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3.3.5. Surfactant removal study 
The hybrid-AOM was synthesized using a non-ionic surfactant directing agent, P123, as 
a soft template. In this method, the template has to be removed from the bulk structure 
in order to create empty spaces or pores. Traditionally, the calcination or burn-off 
method has been used to remove surfactant from bulk materials, but ‘soft’ methods such 
as solvent extraction are reported to have been used as alternatives 206. 
Calcination  
Calcination is the process of heating the sample at high temperatures for extended 
periods of time. It is always completed under an air environment to burn off the 
surfactant molecules. Heat is used to break the strong bonds between the carbon chains 
in the surfactant molecules and CO2 is produced, leaving inorganic species in a specific 
structure. Thermal studies indicated that the surfactant would burn off above 300 °C 
(refer to 3.3.2). However, when combined with other materials as in the hybrid-AOM, 
the decomposition temperature of the surfactant was expected to be higher, due to 
inhibition of the release of the burning gas from the polymerised silica cage and to 
overcome the adhesion energy between surfactant and silica. 
 Hybrid-AOM contains components similar to SBA-15 except for the usage of AOM. 
Therefore, SBA-15 was synthesized and used as a comparable material in the hybrid-
AOM study. It was presumed that both materials would exhibit similar fission when 
calcined. TG studies show that P123 surfactant will decompose completely at 268 °C; 
however, if it is calcined at temperatures below 300 °C it is reported to leave traces of 
residual carbonaceous compounds in the SBA-15 material 202. It was therefore 
considered desirable to calcine the template at a higher temperature to produce carbon-
free SBA-15, although this would induce lattice shrinkage, reducing the BET surface 
area and pore diameter 202. Indeed, most authors agree that SBA-15 should be calcined 
at a temperature of around 500-550 °C 23,30,70,207.  
 
Chapter 3                                                                           Hybrid-AOM Porous Materials 
 
95 
 
 
Figure 3-11: High resolution scanning electron microscopy (HR-SEM) images of 
calcined hybrid-aluminum oxide membrane (hybrid-AOM). A), B) cross sectional and 
C) top views. Calcination was run at 500 °C (1o/min) for 4 hours in air. 
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In these experiments, the calcination temperature was set at 500 °C, which was 200 °C 
higher than the suggested removal temperature of pure P123. At this temperature, the 
organic template can be removed entirely, although this method has some disadvantages 
such as  shrinkage of the pore structure, crumpling and a tendency to crack 208. The 
evidence of the damage caused to hybrid-AOM by calcination is shown in Figure 3-11, 
which depicts a sample which has been calcined at 500 °C (1o/min) for 4 hours in air.  
Figure 3-11 clearly shows that the AOM pores are entirely filled with mesoporous 
materials, but it can be seen from images B and C that the silica mesostructure has 
shrunk and become detached from the pore walls. Calcination was thus proven to be 
able to remove the organic template entirely 208, but with the disadvantage revealed by 
SEM imaging in Figure 3.11, that the mesoporous material shrinks away from the 
alumina membrane. In order to maintain the shape of the AOM and to produce a free-
standing mesostructured membrane, calcination was therefore not the best option and 
alternative methods were developed to overcome its drawbacks. The method chosen 
was the so-called ‘soft de-templating’ approach, which allows the removal of the 
surfactant at low temperature. Surfactant extraction is possible due to the weak 
interactions (such as hydrogen-bonding and van der Waals forces) 71,208 between the 
silica framework and surfactant. Those mentioned in the literature are extraction using 
solvent, peroxide, ozone and supercritical fluid treatments, all of which allow the 
surfactant to be recovered and recycled 206,209. 
Soft surfactant removal:  peroxide and ethanol wash 
Hydrogen peroxide has emerged as a proven technology for soil and groundwater 210,211 
treatment, providing an effective cleaning process for a wide range of contaminants 
listed as chlorinated solvents, polyaromatic hydrocarbons and polychlorinated 
biphenyls. Hydrogen peroxide is a versatile chemical that can be used safely as part of a 
cost-effective approach. It is a powerful oxidant, especially in the presence of ferrous 
(Fe2+) or ferric (Fe3+) ions, which can dramatically increase its oxidative strength 212. 
This increase is attributed to the production of hydroxyl radicals (OH•). In addition, a 
chain reaction is initiated, causing the formation of new radicals. The reaction, whose 
final products are CO2 gas and water, was discovered by Fenton and the method is 
called Fenton’s chemistry. Many studies concerning its mechanism and several reviews 
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have appeared in the literature 213,214 and the debate is still unresolved 214,215. The 
discussion in this thesis is limited to the application of Fenton’s chemistry to remove 
surfactants, rather than the reaction mechanism. Therefore it is sufficient to state that the 
general mechanism of the Fenton reaction follows this pathway:  
Fe2+ + H2O2 → Fe3+ + HO− + HO•        
The iron acts as a catalyst in the system because it can be regenerated by: 
Fe3+ + H2O2 ↔ Fe(OOH)2+ + H+  
Fe(OOH)2+ → Fe2+ + OOH•       
A series of peroxide concentrations with and without the presence of iron was prepared. 
Hybrid-AOM was then immersed in the solution for 24 hours in a closed container. The 
treatment was repeated using ethanol as a surfactant leaching medium. Ethanol was 
considered a suitable candidate as leaching solution because it was the solvent used in 
the synthesis of hybrid-AOM. The P123 was easily diluted with ethanol at room 
temperature. Samples after removal treatment were then rinsed with deionised water and 
lastly dried at room temperature. All treated samples were characterized using ATR-IR, 
SEM and SAXRD. 
Figure 3-12 shows the ATR-IR spectrum of the hybrid material and a series of peroxide 
concentrations with 500 ppm Fe2+. As can be seen, at the frequencies of C-H bonds 
from the surfactant were located around 2850-2900 cm-1 and were observed in as-
synthesized sample (Figure 3-12 E). However, no CH2 peak was observed at any 
peroxide concentration; indeed, all four concentrations show traces without peaks 
(Figure 3-12 A, B, C and D). A broad band around 3400 cm-1 was seen for all the 
samples, partially caused by the O-H stretching vibration mode of the adsorbed water 
and the H-bonded silanol OH groups 216. Equally, the bending vibration mode of O-H 
was responsible for the band recorded at 1608 cm-1 217. 
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Figure 3-12: Attenuated total reflectance-infrared (ATR-IR) spectra of as synthesized 
hybrid-aluminum oxide membrane (hybrid-AOM), after a series of surfactant leaching 
treatments using A:40 %, B: 30 %, C: 20 % and D: 10 % v/v of peroxide with 500 ppm 
Fe2+ for 24 hours and E: as-synthesized hybrid-AOM. Spectra No 1: wavenumbers 3704 
to 2340 cm-1; spectra No 2: wavenumbers 1842 to 1270 cm-1 
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Figure 3-13: Attenuated total reflectance-infrared (ATR-IR) spectra of A: blank 
aluminum oxide membrane, B: hybrid-aluminum oxide membrane (hybrid-AOM) after 
surfactant leaching treatment with 40 % v/v of peroxide for 24 hours and C: as-
synthesized hybrid-AOM. 
 
Figure 3-13 compares ATR-IR spectra of blank AOM, hybrid-AOM after peroxide 
extraction and an as-synthesized sample. As expected, blank AOM showed no IR 
adsorption; however, the surfactant removal was observed to be incomplete when using 
only H2O2 aqueous solutions, even at high concentration (40 % v/v). At 40 % v/v 
peroxide concentration, CH2 stretching vibrations were observed with a very weak peak 
at around 3700-2500 cm-1, as compared to a strong adsorption within the same region in 
the as-synthesized hybrid sample. Note that the lower wavenumber IR region is not 
presented here because no significant IR peak was observed.  
The IR spectra presented above prove that the presence of trace iron cations (Fe3+/Fe2+) 
enhanced the oxidizing potential of H2O2 by catalyzing the formation of OH• radicals 
212
. The results show that the addition of a very small concentration of cations (500 ppm 
Fe) in 10 % v/v H2O2 was enough to allow full surfactant removal at room temperature 
(A) 
(B) 
(C) 
Wavenumber (cm-1) 
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(ca. 23 °C) overnight. However, the drawback of this method is that the iron was 
partially retained in the final sample; its presence could be clearly observed by a colour 
change from opaque white to brownish. The iron was adsorbed into the hybrid cavities 
and washing it with plenty of water or ethanol did not reduce the coloration. 
Conversely, if the presence of iron is required in a mesostructure 218, such as in 
magnetic materials 219,220 or the production of ammonia 221, this will become the 
preferred method to remove surfactant. Figure 3-14 shows that after hybrid-AOM 
underwent an ethanol wash for 24 hours, ATR-IR gave a very weak trace of surfactant 
adsorption. A trace of surfactant is always reported to occur with the ethanol extraction 
method 71,222, whereas neither the calcination method nor 500 ppm Fe2+ in 30 % v/v 
H2O2 for 24 hours (Figure 3-14 A and B) left any surfactant signature after treatment.  
 
 
Figure 3-14: Attenuated total reflectance-infrared (ATR-IR) spectra of hybrid-
aluminum oxide membrane (hybrid-AOM). Sample was A) calcined at 500 °C (1o/min) 
for 4 hours in air, B) wash with 30 % v/v H2O2 in 500 ppm Fe2+ for 24 hours, C) ethanol 
wash for 24 hours and D) as-synthesized.  
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FE-SEM analyses were carried out to determine the morphology of hybrid-AOM 
samples after washing with peroxide (Figure 3-15). The image shows packs of rods in 
size equal to the AOM pores (200 to 300 nm). However, it is hard to differentiate 
between AOM columnar material and silica mesostructure, because both materials look 
the same in the presented image.   
 
Figure 3-15: Field emission scanning electron microscopy ( FE-SEM) top view image 
of hybrid-aluminum oxide membrane (hybrid-AOM) after treatment with 500 ppm Fe2+ 
in 40 % peroxide for 24 hours. 
 
The SEM image in Figure 3-16 is the hybrid-AOM after soaking with ethanol. It shows 
that the mesoporous material seems to have swollen rather than shrunk, so that it fills 
the AOM pores completely and protrudes above the surface level; indeed, in the cross-
sectional view (image B) it is difficult to differentiate between the AOM pore walls and 
the mesostructure. This result contrasts with the calcined sample (Figure 3-11), where 
the mesoporous material seemed to shrink and become detached from the pore walls.  
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Figure 3-16: Field emission scanning electron microscopy ( FE-SEM) images of 
hybrid-aluminum oxide membrane (hybrid-AOM) after washing with ethanol for 24 
hours. A) top view; B) cross section view. 
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The hybrid-AOM sample was further characterized using powder SAXRD to confirm 
the structural stability of the material after surfactant removal. Figure 3-17 shows a 
small-angle X-ray diffraction patterns after the surfactant removal. The number of 
diffraction peak remains the same before and after surfactant removal. This indicates the 
preservation of the hybrid-AOM structure upon template removal by ethanol or thermal 
extraction (calcination).  
 
 
Figure 3-17: Small-angle X-ray diffraction patterns (SAXRD) of hybrid-aluminum 
oxide membrane (hybrid-AOM) for A) as-synthesized sample, B) ethanol extraction for 
24 hours and C) calcined at 500 °C (1o/min) for 4 hours in air. 
 
The XRD pattern for hybrid-AOM has been compared to that of prepared SBA-15 
sample (Figure 3-4); however, only one peak was observed instead of three peaks, as in 
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SBA-15. A strong peak clearly appeared at 2θ = 0.74o (d-spacing = 11.94 nm) for the 
hybrid-AOM as-synthesized, 2θ  = 0.89o (d-spacing = 9.93 nm) after ethanol extraction 
and 2θ =1.05o (d-spacing =8.41 nm) after calcination. Since the hybrid-AOM sample 
shows only one peak at low angle XRD 223, it is suggested that it can be identified as an 
amorphous material with mesostructured characteristics. The shift in peak position to a 
higher 2θ value after surfactant removal (ethanol and calcination) indicates that there 
was significant reduction in the respective d-spacing values. 
The shrinking trend is due to the presence of wormholes 34 between major pores, related 
to the hydrophilic nature of the ethylene oxide (EO) blocks of the triblock copolymer 
P123 template 224,225. During the formation of the silica structure, the presence of EO 
blocks leads to the formation of a silica framework around them 23, thereby 
incorporating them into the pore walls. Thus, mesostructure is likely to exhibit 
wormholes in those parts of the framework where the EO blocks were located. It is 
suggested that the process of calcination or ethanol extraction not only removes the 
polymer template which occupies the primary mesopores, but also reduces the number 
of EO blocks in the wormholes, which in turn creates void spaces in the walls. This in 
turn promotes further silica condensation and contraction. Therefore, with  surfactant 
removal, structural shrinkage is encouraged 29,148.  
To investigate pore connectivity, samples of hybrid-AOM were further characterised by 
electrochemical methods. Electrochemistry is concerned with the motion of charges; 
therefore, samples must be free from ions other than known and countable species, so 
surfactant removal via peroxide treatment with a trace of iron (Fe) is not a good choice. 
The hybrid-AOM membrane also needs to have a practical shape to be used in an 
electrochemical cell. If the sample were to crumple and crack, it would be possible for 
the redox probe to diffuse other than through the mesostructure. For that reason the 
calcination method was not chosen. Instead, all electrochemistry experiments reported 
in this chapter used ethanol to extract surfactant from hybrid mesoporous materials. 
This method was able to preserve the membrane shape, remove the surfactant template 
and keep the sample free from foreign ionic species.   
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 Hybrid-AOM: Transmission electron microscopy (TEM) 
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wt % ). Higher concentrations of the block copolymer species will form only silica gel 
or yield no precipitation of silica product. At lower concentrations, only amorphous 
silica is obtained. A reaction temperature of 35-80 °C is necessary for SBA-15 
synthesis. The results presented in this thesis agree with this suggestion. This is because 
the initial concentration (12.08 wt %) of surfactant in the presented formula was high 
and became even higher when solvent evaporated from the reaction vial during gelling. 
The gelling process occurred at room temperature and this also led to the formation of 
disorganised silica structures.  
The gelling step is very important to the method present here, because it allows tight 
packing of the silica mesostructure into the AOM columns. If this step is omitted, or if 
the suspension is not allowed to turn into a rigid gel, then at the end, only half of the 
AOM columns are filled with silica (Figure 3.19).  
 
 
 
 
Figure 3-19: Field emission scanning electron microscopy (FE-SEM) images of as-
synthesized hybrid-aluminum oxide membrane (hybrid-AOM) for sample with 2 days 
gelling time. A) front view; B) cross section view. 
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A possible explanation is that mesoporous materials are derived from the assembly of 
amphiphilic polymers (surfactants) which form micelles. These micelles become 
supramolecular templates to which inorganic molecules (TEOS) can be attached 15,20. 
Inorganic materials attached to the surface of micelles experience polymerisation in the 
presence of acid catalysts. The transition from a silicon-based sol to a gel is defined as 
the gelation point, when links between the sol particles are formed and a solidified 
material is obtained, releasing alcohol as a by-product. However, at this point the 
reaction has not finished, as condensation reactions can go on for a long time, until a 
final stage is reached. During this process, which is called ageing, the material shrinks 
and stiffens. This is associated with the process of crosslinking between the sol particles 
and occurs during drying. The timescales of the underlying structural organisation may 
range from a millisecond to many weeks 22. If the gelling process is not completed, 
there is a mixture of solvent, non-polymerised TEOS and surfactant in the AOM pores 
and, as the sample is being force dried, the solvent will evaporate easily, leaving empty 
spaces, while the silica will contract. Figure 3.19 shows front and cross-sectional views 
of hybrid-AOM with its pores half full of mesostructured material. The sample was left 
for a gelling time of 2 days. 
3.3.6. Nitrogen adsorption 
The nitrogen adsorption isotherms of SBA-15 samples (Figure 3-20) featured hysteresis 
loops with the sharp adsorption and desorption branches. The adsorption branches were 
located at relative pressures from 0.70 to 0.84 with sharp adsorption branches, which 
indicates a narrow mesopore size distribution 29. The isotherms for the calcined SBA-15 
were similar to those reported in the literature 49,70. The pore size distributions (PSDs) 
for the calcined SBA-15 samples are shown in the Figure 3.20 inset, the pore sizes 
corresponding to maxima of 6 nm. 
The nitrogen adsorption-desorption isotherms for hybrid-AOM and bare alumina 
membrane are shown in Figure 3-21. The hybrid sample had an N2-adsorption isotherm 
type IV 9. The observation of isotherms is important; because their shape is closely 
connected to the structural features of mesoporous solids (see Chapter 2, Section 2.2). 
The figure shows that at the low-pressure region, the isotherm observed is the same as 
the corresponding type II, then the slope increases sharply at higher relative pressures, 
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indicating an increase in uptake of adsorbate as the pores are filled 137. This corresponds 
to the capillary effect in the pore. The hysteresis loop for hybrid-AOM (Figure 3.21) 
occurred at a relative pressure of 0.6 to 0.8 and this is quite similar to the results for 
prepared SBA-15. Therefore the mesostructure inside the alumina columns can be 
assumed to have the same N2 gas adsorption properties, including pore character, as 
prepared SBA-15. 
 
Figure 3-20: Nitrogen adsorption-desorption isotherm for calcined SBA-15 at 77 K 
(black line = adsorption; red line = desorption).  Inset is the pore size distribution 
calculated using Barret-Joyner-Halenda (BJH) method.  
Figure 3-21 shows nitrogen isotherms for hybrid-AOM materials with hysteresis loop 
and P/P0 at 0.6 to 0.8. The nitrogen adsorption-desorption isotherms presented here are 
relatively poor, because the adsorption and desorption lines do not overlap. A factor 
contributing to the error is that the amount of sample available for analysis was too low 
because part of the sample is only AOM materials. In these experiments, the weight of 
sample was 0.0160 g from a combination of three hybrid-AOM samples. It is difficult to 
produce such an amount of sample due to limitations of cost and time. It is estimated 
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that nineteen successful samples would have been needed to provide at least the 
minimum amount of 0.1 g for accurate sorption analysis.  
 
 
Figure 3-21: Nitrogen adsorption-desorption isotherms at 77K for hybrid-aluminum 
oxide membrane (hybrid-AOM) membrane after surfactant removal (ethanol extraction 
for 24 hours). Straight line (adsorption) and dotted line (desorption). 
 
Nevertheless, the N2 adsorption-desorption isotherms obtained from hybrid-AOM did 
give good evidence for the existence of mesostructure pore cavities. This is due to the 
presence of a hysteresis loop similar to that seen in the prepared SBA-15 sample. The 
automatic calculation by the V4 software from Micromeritics ASAP 2010 (software for 
nitrogen adsorption machine)  does not give a significant result for this set of data 
(Figure 3-21) and therefore the PSD of hybrid-AOM was calculated manually by the 
Barret-Joyner-Halenda (BJH) method 134,226, a modification of the classical Kelvin 
equation (Equation 3-1134,226) which is normally used to extract a PSD from the 
isotherm analysis. 
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e  w# = f d =  y.ayd        Equation 3-1 
where σ= surface tension of liquid nitrogen, V = liquid molar volume of nitrogen, rk = 
radius of capillary, T = absolute temperature and R = gas constant. In the BJH method, 
rk = rp – t, where rp = pore radius and t = thickness of the adsorbed layer prior to 
condensation, obtained from reference 226. The values of t, rk, rp and pore diameters of 
hybrid-AOM calculated at different relative pressure values are tabulated in Table 3-1. 
Table 3-1: Estimation of pore size for hybrid-aluminum oxide membrane (hybrid-
AOM) at specific relative pressure. 
Relative 
Pressure (p/po) 
t 
(Å) 
rk 
(Å) 
rp 
(Å) 
Pore diameter 
(Å) 
0.6 7 18.7 25.7 51.4 
0.7 11 26.7 33.7 67.5 
0.8 13.5 12.7 56.2 112.4 
 
Table 3-2: Physicochemical properties of hybrid-aluminum oxide membrane (hybrid-
AOM) after ethanol-washed (24 hours) and SBA-15 properties obtained from the 
literature. 
Sample Symmetry 
d-spacing 
(Å)a 
Average pore size 
(Å)b 
Pore wall thickness 
(Å)c 
SBA-15 – literature 
23,29,34,49
 
Hexagonal 
 
95 - 108 47 - 89 31-64 
SBA-15 – prepared  Hexagonal 99.2 62 49.01 
Hybrid-AOM Amorphous 84.1 67.5 29.61 
a = d(100) spacing or d value of characteristic reflection of ethanol-washed hybrid- AOM 
products; 
b = calculated from adsorption branch of the N2 isotherm. 
c = calculated by 2(d100)/√3) – pore size.  
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Table 3.2 shows the physicochemical properties of hybrid-AOM, prepared SBA-15 and 
published information gathered from the literature for SBA-15 materials. It is noticeable 
that the prepared SBA-15 shows a good agreement with the literature, with comparable 
quality, similar to large-pore MCM-41227. From Table 3.1, the pore diameter for 
hybrid-AOM at a relative pressure of 0.7 is 6.75 nm. This value is slightly higher than 
mean PSD for a prepared SBA-15 sample (6.2 nm) but in the range of SBA-15 reported 
in the literature 23,29,34,49.   
3.3.7. Electrochemical characterisation 
Porous materials can be studied electrochemically, since the presence of pores of 
molecular dimensions allows redox probes to diffuse selectively through the materials 
to an underlying electrode surface to undergo redox processes. The large surface-to-
volume ratios and the variations of geometry in hybrid-AOM should strongly affect the 
transport properties of redox species through this mesoporous material. The 
voltammetric responses, which deviate from those of a smooth electrode, are the 
electrochemical characteristics of a porous surface. Since electrochemistry is concerned 
with electrodes and currents, the preparation of electrodes from mesostructured 
materials is a major consideration in electrochemical studies 170.  
In order to understand the electrochemical behaviour of the hybrid-AOM, the material 
had to be a conductor and therefore one of its sides was covered with pure gold. 
However, before the hybrid-AOM experiments were carried out, blank AOM was first 
covered with pure gold. Figure 3-22 shows cross sectional FE-SEM images of bare 
AOM onto which a gold film has been evaporated. The images indicate clearly that a 
layer of gold has not only formed on the AOM surface, but has penetrated into the pores 
to a certain depth. The evaporated gold particles are very small compared to AOM pores 
(200 to 300 nm). Therefore some of the evaporated gold has gone comparatively far 
inside the pores and some only has condensed at the pore entrance.  
The layers of gold can be easily recognized on a cross sectional image as in Figure 3-22 
A, which shows that gold has penetrated up 500 nm from the surface into the AOM 
pores. However, the exact depth of gold penetration is unknown and presumably much 
deeper than can be seen on the SEM image. Figure 3-22 B shows that at a gold 
thickness of 100 nm, the evaporated gold film was only able to cover the pore walls and 
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was not thick enough to plug the pore entrances. It is important to have a continuous 
gold film so that any electrochemical activity occurs on gold only. 
 
 
 
Figure 3-22: Field emission scanning electron microscopy (FE-SEM) images of 
aluminium oxide membrane (AOM) with 100 nm thick gold films. A) Cross section 
view, B) Top view and C) Schematic drawing of AOM. 
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The electrochemical cell setup for AOM and hybrid-AOM is discussed in detail in 
Chapter 2, Section 2.10.4. Ferrocene methanol was chosen as the redox active species 
because it is soluble in water and undergoes a simple one-electron reversible oxidation 
to the cation 85. It was important to use a neutral redox species in order to eliminate the 
factor of surface charge, which might have upset the permeability of the solute through 
the pores. In the presence of potential the FcMeOH will undergo the following redox 
process:  
FcMeOH(aq)   FcMeOH+(aq)  +   e-   Equation 3-2  
 
The cyclic voltammetry curve for a gold commercial electrode in 500 µM FcMeOH 
with 500 mM KHP (pH 4) as buffer solution is shown in Figure 3-23. This is the 
typical reversible process expected for FcMeOH 85. This CV was used as a benchmark 
and comparison when discussing the electrochemical behaviour of hybrid-AOM and 
bare AOM. From those CVs (Figure 3-24), it can be seen that at a scan rate of 0.05 V/s 
the gold commercial electrode had a peak separation of 64 mV, with the oxidation peak 
positioned at 0.052 V and the reduction peak at -0.012 V. The diffusion coefficient was 
calculated using the Randles-Sevčik equation (Chapter 2, Equation 2.20) and found to 
be 5.1 × 10-6 cm2 s-1 ,  which is considered reasonably close to the literature value (6 × 
10-6 cm2 s-1) 228. Detailed discussion of using a commercial gold electrode appears in 
Chapter 6, Section 6.3.3. 
Figure 3.24 is the CV for the AOM membrane without any gold film, so that the 
underlying copper disk becomes the working electrode. Here, the CV is plotted as 
current density (Acm-2) versus potential (E), with the purpose of normalising the 
electrode area. The CV shows that a very large background current flowed within the 
experimental potential window and no significant FcMeOH redox process was 
observed. It shows that copper was not a suitable electrode for use in the present system, 
which is acidic, but it was reported to work well in basic conditions 229.  
Conversely, the FcMeOH redox peaks were observed for AOM with 100 nm of gold 
film (Figure 3-25) and the redox peak height was relatively constant for the sample 
after a 200 nm gold film was deposited Figures (3-25 to 3-29). In the case of AOM 
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with 100 nm gold film, the FcMeOH redox peak was relatively small with high 
background current, which occurred because the redox species was not only reducing on 
the gold electrode but also on copper.  
The result is supported by the SEM images (Figure 3-22), which clearly show that the 
AOM pores were not completely plugged by the gold film layer. AOM gold film 
showed a better redox response at a thickness of 200 nm upward (Figure 3-26), when it 
is suggested that the gold formed a continuous layer and plugged the AOM pores. 
However, some distortion of peak shape still occurred, perhaps as an effect of AOM 
morphology and polarity 230.  
 
 
Figure 3-23: Cyclic voltammograms  recorded in 0.05M potassium phthalate solution 
(pH 4) containing 500 µM FcMeOH for a commercial gold electrode (area 0.03 cm2) at 
various scan rates. 
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Figure 3-24: Cyclic voltammograms recorded in 0.05 M potassium phthalate solution 
(pH 4) containing 500 µM FcMeOH at a scan rate of 0.05 V/s, with bare copper as 
working electrode. 
 
 
Figure 3-25: Cyclic voltammograms  recorded in 0.05 M potassium phthalate solution 
(pH 4) containing 500 µM FcMeOH at a scan rate of 0.05 V/s, using aluminum oxide 
membrane (AOM) with a 100 nm thick gold film as working electrode. 
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Figure 3-26: Cyclic voltammograms  recorded in 0.05 M potassium phthalate solution 
(pH 4) containing 500 µM FcMeOH at a scan rate of 0.05 V/s, using aluminum oxide 
membrane (AOM) with a 200 nm thick gold film as electrode 
 
 
Figure 3-27: Cyclic voltammograms  recorded in 0.05 M potassium phthalate solution 
(pH 4) containing 500 µM FcMeOH at a scan rate of 0.05 V/s, using aluminum oxide 
membrane (AOM) with a 600 nm thick gold film as electrode.  
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Figure 3-28: Cyclic voltammograms  recorded in 0.05 M potassium phthalate solution 
(pH 4) containing 500 µM FcMeOH at a scan rate of 0.05 V/s, using aluminum oxide 
membrane (AOM) with a 800 nm thick gold film as electrode. 
 
 
Figure 3-29: Cyclic voltammograms  recorded in 0.05 M potassium phthalate solution 
(pH 4) containing 500 µM FcMeOH at a scan rate of 0.05 V/s, using aluminum oxide 
membrane (AOM) with a 1140 nm thick gold film as electrode. 
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Figure 3-30: Cyclic voltammograms  recorded in 0.05 M potassium phthalate solution 
(pH 4) containing 500 µM FcMeOH at a scan rate of 0.05 V/s, using aluminum oxide 
membrane (AOM) with a 1140 nm thick gold film as electrode. 
 
The electrochemical results were confirmed using FE-SEM. The morphology of bare 
AOM with evaporated gold is shown in Figure 3-31. The images show clearly in each 
case whether the AOM pores were plugged with the gold or it had only condensed 
around the pore entrances. The SEM image of the 100 nm gold film shows the entrances 
to the pores still wide open, with the size of the entrance reducing progressively in 
successive images as the thickness of the evaporated gold film increases. The pore 
entrances are seen to be totally closed only when the film reaches 1000 nm thickness. 
Thus, the SEM morphology images do not appear to agree with the CV results, which as 
noted above, suggest the formation of a continuous layer of gold at thicknesses of 
200 nm or higher, whereas the corresponding SEM image (Figure 3-31 B) shows the 
pore entrances still wide open at this thickness. It is suggested that the gold film actually 
did plug most pores at 200 nm film thickness and above, but this was not visible from 
the SEM images, because a continuous film was formed not at the pore entrance but 
deeper inside the membrane. Figure 3-31 H to J shows a cross sectional cut of AOM 
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with gold film. The lighter portion represents the gold film, while the contrasting darker 
band is the AOM. The images show that the gold not only condensed at the pore 
entrances but penetrated into the pore. The thicker the layer of gold which was 
evaporated onto the AOM, the deeper was its penetration into the pores. 
Figure 3-32 illustrates a plausible suggestion as to how the gold film plugged the pore 
entrances. Initially, the bare AOM has open pores of around 200 to 300 nm diameter, 
facing towards the evaporated gold source. At high temperature the gold starts to 
evaporate, and then when it encounters the AOM surface it will condense, especially at 
pore entrances, while some gold goes further inside the pores. Once the film is thick 
enough, it will begin to form a continuous gold layer by connecting the walls inside the 
pore and significantly will block all pores. As more gold is evaporated, the pore 
entrances become filled with gold particles, until the entire AOM surface is covered by 
an obviously continuous gold film.  
The assumption concerning the formation of a continuous gold film on bare AOM can 
also be applied to hybrid-AOM. As shown in Figure 3-31 F, most of the pores had been 
plugged by continuous gold film and only a few appeared open. Since the hybrid-AOM 
had smaller pores than bare AOM, a film of 340 nm thickness was more than adequate 
to cover entirely the free-standing membrane. 
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Figure 3-32: Schematic illustration of the formation of continuous gold film on bar
aluminum oxide membrane (AOM).
 
Thus it was found that a gold film evaporated on one side of the alumina membrane 
would serve as a working electrode. Its minimum thickness was 200
found to be sufficient even for the larger pores of AOM (2
gold film thickness above 200 nm was set as standard for future experiments after 
considering a suggestion reported by Gua 
continuous gold film at 400
3.3.8. AOM-gold film and hybrid
Modification of the working electrode with AOM leads to various limiting cases arising 
for the currents observed. Under the experimental conditions, voltammetric techniques 
can be employed, since each ion transferring from the aqueous phase has to travel 
through a pore, leading to the various possible diffusion fields and assimilated 
determination of the porosity. 
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According to the Randles-Sevčik equation 178 for an ideal planar diffusion and reversible 
electrons transfer (refer to Chapter 2 Section 2.10.1), the magnitude of the peak current, 
Ip, in the cyclic voltammogram is a function of the temperature (T), bulk concentration 
(C), electrode area, the number of electrons transferred (n), the diffusion coefficient (D) 
and scan rate (ν). The equation is as follows: 
uv = w. yyz{|}  {|~#a/f a/fνa/f             Equation 3-3 
 
In this equation, F is Faraday’s constant (96485 C / mol), R is the universal gas constant 
(8.314 J / mol K) and T is the absolute temperature (K). It is noted that if the temperature 
is assumed to be 25 °C (298.15 K), the Randles-Sevčik equation can be written in a 
briefer form: 
uv  =  (f. zaw) {/fνa/fa/f}                          Equation 3-4 
 
where v is the scan rate in Vs-1, D is the diffusion coefficient in cm2s-1, A is the area in 
cm-2 and C is the concentration in molcm-3.  
In case of a porous electrode made from non-conducting materials, the porous material 
has to be attached to a conductor. Thus, with a non-conductor on the surface of a 
conductor, the actual active area is much lower than the original area. Therefore, the 
Randles-Sevčik equation can be rewritten as follows 232: 
uv = f. zaw{/fsa/fa/f}    Equation 3-5 
 
Here, ϕ is known as the porosity; for porous media such as AOM and hybrid-AOM, it 
can be defined as the fraction of void area (active electrode area) on the electrode 
compared to the original electrode area, as in the following equation. Assuming that other 
parameters are constant and only the active area is reduced by the presence of porous 
materials on top of the electrode, Equation 3-6 is significant. 
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 = }s} = usu         Equation 3-6 
where Aν is the active area of the electrode, At is the total bulk electrode area 
(commercial gold film), φ is a fraction between 0 and 1, Iv is the current obtained from 
the modified porous electrode (AOM gold film or hybrid-AOM) and It is the current 
obtained from the commercial gold electrode.  
 
 
Figure 3-33: Cyclic voltammograms  for gold commercial electrode, aluminum oxide 
membrane with gold film (1140 nm thicknesses), hybrid-aluminum oxide membrane 
(hybrid-AOM) after ethanol extraction (24 hours) and as-synthesized hybrid-AOM as 
working electrode. The Cyclic voltammograms are recorded in 0.05 M potassium 
phthalate buffer solution (pH 4) containing 500 µM FcMeOH at 0.05 V/s scan rate. Insert 
is the magnification of the as synthesized hybrid-AOM. 
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As shown in Figure 3-33, before surfactant extraction, the magnitude of the faradaic 
current was very low and the magnified plot (Figure 3-33 insert) shows no significant 
oxidation or reduction peak for FcMeOH species. The CV response in this case is typical 
for a physical barrier limiting probe diffusion through hybrid-AOM from the solution to 
the evaporated electrode surface 233. However, dissolved ions such as Cl-  in the surfactant 
template gave some conductivity to the as-synthesized hybrid-AOM film. Therefore, by 
comparing the background current observed for as-synthesized hybrid-AOM (2 ×10-3 
mAcm-2) with the redox current for bare gold electrode (12.84 × 10-2 mAcm-2), it is 
estimated that without surfactant removal the sample blocked 98.4 % of the current from 
reaching the underlying electrode.  
Figure 3-33 compares CVs for AOM with gold film and a commercial gold electrode. 
AOM-gold film shows a low current density as compared to the commercial electrode. 
Since Ip is proportional to the electrode area, A, the porosity can be estimated by dividing 
the current density of the AOM-gold film (2.17 × 10-5 Acm-2) by that of the gold 
commercial electrode (7.03 × 10-5 Acm-2), giving a value of φ for the AOM-gold film of 
0.31. This means that about one-third of the whole membrane is composed of pores and 
the rest is the AOM wall. The ratio thus explains the porosity of the AOM. This result is 
within the range of porosity values claimed by the manufacturers (25 to 50 %) 191. It also 
agrees with Platt et al. (ϕ = 0.3) 234 where a similar  AOM membrane was used but 
probed using liquid/liquid voltammetry. 
The actual active area of the AOM-gold film electrode is calculated as follows: 
? = 0.31 
D(0.2) = 0.31 
 = 0.04 ' 
Therefore, the estimated active area of the AOM gold film electrode was 0.04 cm2, 
compared to the original area (without AOM) of 0.13 cm2. This shows that the active area 
has been reduced by the presence of a structured material on the electrode surface so that 
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only part of the electrode was exposed to the electrolyte, while the rest was covered by 
alumina.  
The electrochemical experiments and electrode preparation for hybrid-AOM were the 
same as for the AOM-gold film. Basically, gold film was evaporated onto one side of a 
hybrid-AOM sample which had first been soaked in ethanol for 24 hours. The membrane 
with gold film coating was then used as a working electrode. In Figure 3-33, where 
hybrid-AOM was used as the working electrode, the redox peaks were similar to the 
AOM-gold film but the background current was very large and there was a lower current 
density. These data prove that the AOM pores had been filled with porous structure 
which then covered some of electrode area and consequently reduced the active area. 
From Figure 3-33, the estimated porosity was based on the ratio of current between 
hybrid-AOM (ethanol extraction sample, 6.97 × 10-6 Acm-2) and gold commercial 
electrode (7.03 × 10-5 Acm-2), giving a ϕ value of 0.1.  
The ϕ of hybrid-AOM quoted here comes from a combination of the diffusion of redox 
species through the mesostructure and the gap between the AOM columns and the actual 
mesostructure. This argument is supported by the SEM cross-sectional image of hybrid-
AOM in section 3.4.5. (Figure 3-16), which shows that the mesostructure has filled the 
AOM columns but with some defects and cracks between mesostructure columns. The 
XRD analysis also shows that there was shrinking (Figure 3-17) of the macrostructure 
after surfactant removal via ethanol.   
3.4. Conclusions 
In conclusion, porous silica has been successfully grown within an aluminium oxide 
columnar membrane and shown to fill the columns. The surfactant was successfully 
removed by the calcination and peroxide-Fe2+ methods, but calcination caused cracking 
of the hybrid-AOM sample. SEM images prove that with the calcination method, the 
silica structure became detached from the AOM columns. The solvent extraction method 
showed better structural attachment between silica and AOM columns but washing with 
peroxide- Fe2+ resulted in iron contamination. The alternative method involved soaking 
with ethanol for 24 hours and this procedure preserved the original AOM membrane 
shape. The prepared SBA-15 has been demonstrated to be a good quality material, with 
properties in agreement with the literature. The hybrid-AOM which was prepared had a 
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similar pore size distribution to that of prepared SBA-15 but an amorphous character. The 
electrochemical study of porosity revealed that the AOM-gold film had a porosity of 
0.31, whilst with mesostructure growth in the AOM columns, the porosity of hybrid-
AOM was reduced to 0.1. The porosity of hybrid-AOM indicates the existence of 
interconnections within it after surfactant removal. Without surfactant removal, hybrid-
AOM barred more than 98.4 % of current from reaching the underlying gold electrode, 
which indicates that before surfactant extraction, the mesostructure inside the AOM 
columns was fully packed.  
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4. CHAPTER 4: PHYSICAL STUDY OF A 
MESOSTRUCTURE CUBIC SILICA THIN FILM 
Chapter Objective 
1. To synthesize SBA-16 porous silica thin film via dip-coating technique on glass 
and indium tin oxide (ITO) by using triblock co polymer (Pluronic F127) as a 
template. 
2. To confirm the surfactant template removal process by means IR spectroscopy 
3. To study thin film structural orientation by using microscopy technique 
(transmission electron microscopy (TEM) and the structure contraction effect 
using X-ray diffraction method; (small angle X-ray diffraction (SAXRD) and X-
ray grazing incident small angle X-ray scattering (GISAXS)). 
4.1. Introduction 
Since the first reports regarding ordered mesoporous materials in 1992, various 
mesoporous frameworks have been synthesized through self-organization of surfactants 
67,235
. The early researchers exploited ionic surfactants, but by the middle of the 1990s 
there were efforts to use non-ionic surfactants as structure-directing agents. 
Nonionic surfactants differ from both cationic and anionic surfactants. Their hydrophilic 
groups are made up of water-soluble moieties (e.g. hydrosol groups or water-soluble 
polymer chains) 236 rather than charged head groups such as in cetyltrimethylammonium 
bromide (CTAB, ([(C16H33)N(CH3)3]+Br-)) 237. Most non-ionic surfactants consist of 
poly(ethylene oxide) (PEO) chains as hydrophilic groups 238. This low cost, low toxicity 
and biodegradable polymer is widely used in industry 236,238. In addition, nonionic 
surfactants have a range of ordered microdomain morphologies and have become 
increasingly popular and powerful in the synthesize of mesoporous solids 24. 
A fundamental mechanism for the surfactant template method is the existence of an 
attractive interaction between the template (surfactant micelle) and the silica precursor. 
This mechanism is the foundation of the inclusion of the structure director and prevents 
phase separation taking place 18,239.  
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The literature suggests six different interaction types that can take place between the 
inorganic precursor and the head groups of the surfactants 18. According to Tanev et al. 
240
, these interactions are classified by the charge on the hydrophilic group and the silica 
species. If the reaction takes place under basic conditions the silica precursor is present as 
anions. However, the preparation can also take place under acidic conditions, below the 
isoelectric point, so that the silica species are positively charged 18.  
Principally, a reaction which involves direct co-condensation of a cationic surfactant (S+) 
with anionic inorganic species (I-) will produce assemblies of ion pairs (S+I-) and is 
known as pathway 1. An example of such reaction is synthesized of MCM-41 silicates. If 
the charge is reversed (pathway 2), an anionic template (S-) is used to direct the self-
assembly of cationic inorganic species (I+) through S- I+ ion pairs. In the presence of 
counter ions, the inorganic species and surfactant can carry a similar charge. Such 
reactions, which are known as pathways 3 and 4, produce assembled solution species of 
the types S+ X- I+ (where X- = Cl- or Br-) and S- M+ I- (where M+ = Na+ or K+) 
respectively 239. 
In addition, it is still possible for the attractive interactions to be mediated through 
hydrogen bonds. This is the case when nonionic surfactants such as PEO are used, 
whereby uncharged silica species (S0I0; pathway 5) or ion pairs (S0(XI)0; pathway 6) can 
be present 18. However, Zhoa et al. 33 suggest that if the process is carried out below the 
aqueous isoelectric point of silica, cationic silica species will be present as precursors, 
due to the protonated Si-OH moiety. The hybrid assembly might be expected to proceed 
through an intermediate of the form (S0H+)(X-I+).  
Surfactant template-synthetic routes have also been used successfully in the preparation 
of non-silica mesoporous metals such as titanium 241-243,  aluminium 244,245, zirconium 246-
248
, manganese 249, tin 250 and niobium 247. 
The integration of hydrogen bonding interactions at the organic/inorganic interface with 
organic/inorganic domain assembly and the use of sol-gel and emulsion chemistry in 
acidic media has proven to be a general route for the easy processing of ordered 
mesoporous materials into desired morphologies. These syntheses rely on self-assembly 
through the hydrogen bonding interaction between organic and inorganic interfaces to 
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become sol-gels in acidic media 33,240 and result in the precipitation of powders from bulk 
surfactant solutions.   
In this study, a mesostructured thin film known as Santa Barbara Amorphous-16 (SBA-
16) was prepared in acidic conditions employing a nonionic surfactant, Pluronic F127 
(EO99PO65EO99) as structure-directing agent. The synthesize was carried out in low pH 
(pH <2) solutions where the likely interaction proceeds through an intermediate of the 
form (S0H+)(X-I+) 33. SBA-16 is known to be a porous material with a 3D cubic 
arrangement of mesopores corresponding to the Im3m space group. The XRD plot in 
Figure 4-1, adapted from Zhao et al. 1998 33, shows that as-synthesized powder SBA-16 
had a strong reflection with a large d-spacing of 11.8 nm, two strong reflections 
corresponding to d-spacings of 8.31 nm and 6.78 nm, and several weaker reflections. 
These reflections correspond to a body-centred cubic (BCC) structure, Im3m space 
group. Sakamoto et al. 46 suggest that each mesopore in this BCC structure is connected 
with its eight nearest neighbours, as proven by high-resolution electron microscopy and 
as illustrated in Figure 4-2 b and c.  
In a powder sample, calcined SBA-16 has a pore size of ~3 to 5.4 nm 33,153,251 and can 
have thicker walls (8.33 to 9.24 nm) 251 by increasing the silica concentration, giving it a 
high structural stability. However, while most published work has concentrated on 
powder samples, their morphology is of limited relevance for electrochemical or sensor 
devices and an extra step has to be taken in order to attach the material as a film to a 
conductor to produce a modified electrode. This is where mesoporous silica films as 
template structures have attracted much attention in recent years. Such films can be 
grown on a suitable conductor such as gold and used as electrodes. Many possible 
important applications apart from sensors 252,253, including as templates for the synthesize 
of other nanostructures such as metallic nanowires attached to electrodes 254, have 
benefited from mesostructured thin film materials47.  
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Figure 4-1: X-ray diffractogram taken from Zhao et al. 33. A) Typical X-ray 
diffractogram pattern of calcined SBA-16 powder samples; B) Magnification of 
diffraction pattern A to 8 times. 
 
 
 
Figure 4-2: Images taken from Sakamoto et al.  46. a) Electrostatic potential map of SBA-
16 parallel to (110) through the centre of the cell; b) and c) 3D arrangement of a cavity 
and its interconnection. 
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As in the formulation of powdered mesoporous silica materials, the earliest 
silicate thin films were made using cationic surfactants 
become more popular because they are usually cheaper, nontoxic and environmentally 
friendly 256. These silicate
conditions and their mesophases have been controlled by adjusting the temperature, 
chemical composition and drying time 
mesophases that subsequently solidify as the silica crosslinks on a desire
Several papers have described systematic approaches to controlling phase behaviour by 
controlling the composition and the drying environment 
The 1D-XRD pattern for calcined SBA
in Figure 4-3. The thin film shows five well
spacings of 12.99, 9.185, 6.496,5.303 and 4.821 nm. The 2
the unit cells as the (110), (200), (220), (222) and (321) phases respectively. The thin film 
diffractogram demonstrate that 
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Sanchez et al. 259 and Grosso et al. 83 (Figure 4-4) performed X-ray diffraction with a 
two-dimensional small angle X-ray scattering (2D SAXS) detector. This technique gives 
a 2D view for any value of the outlet X-ray beam angle; therefore all possible diffractions 
can be observed. The two-dimensional diffraction pattern contains far more information 
than a one-dimensional profile collected with the conventional XRD diffractometer 260. 
All possible diffractions can be observed directly from the detector. In the literature, the 
thin film X-ray interpretation is normally based on ID techniques and there is only 
limited discussion of 2D techniques. This is because the use of 2D detectors is relatively 
new and has dramatically increased due to the advances in detector technology 260. 
  
 
 
Figure 4-4: Transmission electron microscopy (TEM) and small angle X-ray scattering 
(SAXS) image of porous structure thin film taken from Grosso et al. 83. (A) TEM image 
of corresponding body center cubic (BCC) structure fabricated from F127 block 
copolymer; (B) 2D SAXS patterns of thin film showing the symmetry of the cubic Im3m 
space group. 
 
Figure 4-4 shows an example of the 2D SAXS technique coupled with TEM as 
supporting evidence. In this case, the image presented is the 2D SAXS image of the BCC 
inorganic structure formed by applying F127 as surfactant. It shows the diffraction of the 
BCC structure, indexed as (110), (101) and (110) lattice planes 83,259. 
A 
B 
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This chapter reports works to grow SBA-16 silica film on several substrates: glass slide, 
ITO (resistivity = 8-10 Ωcm) and evaporated gold film on glass slide. The continuous 
mesoporous SBA-16 silica thin films were prepared by dip-coating via the evaporation-
induced self-assembly (EISA) method 16 (see Chapter 1 Section 1.5.1). This method has 
been reported able to produce materials which have highly ordered structures with 
various morphologies. ITO and evaporated gold were selected as substrates because they 
are conductors and can be used as electrodes in subsequent electrochemical experiments.  
4.2. Experimental 
4.2.1. Chemicals and reagents 
In this study, Decon 90 was obtained from Decon Laboratories Limited and used for 
cleaning purposes. All solutions were prepared with high-purity water (18 MΩ cm) from 
a Millipore “Milli-Q” water purification system. Tetraethyl orthosilicate (TEOS, Aldrich 
98%) was used as silica source, methanol (Fisher, analytical grade) and HCl (Fisher) 
were solvents and Pluronic® F127 (EO99PO65EO99 from BASF) as directing surfactant. 
Indium tin oxide (ITO,resistivity = 8-10 Ωcm)) was purchased from SPI Supplies.  
4.2.2. Substrate preparation  
Substrate preparation, especially the cleaning of substrates, is critically important in thin 
film experiments, as any dust or dirt will affect the properties of the finished film. 
Ethanol was used to rinse new as-purchased ITO substrate, which was then dried under a 
nitrogen stream. The clean ITO was then dip-coated with silica-surfactant precursor 
without delay. For glass slide as the base substrate, the glass surface was cleaned 
thoroughly. Any foreign particles will result in poor coverage of SBA-16 thin film, which 
would easily peel off. Initially, the glass was cleaned by soaking in 5 % Decon 90 in 
water for 24 hours, followed by sonication for 15 minutes. The substrate was then 
thoroughly rinsed with deionised water and sonicated for another 15 minutes. Samples 
were then dried with nitrogen and kept in a closed container for further use. Decon 90 
was used in preference to other reagents because it is biodegradable, phosphate-free, 
bactericidal and non-flammable, can be rinsed 261 and is powerful enough to remove any 
organic contamination such as fingerprints. The use of piranha solution, as an alternative 
method, is quite dangerous because it is a very strong oxidising agent.   
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4.2.3. Mesoporous thin film preparation 
SBA-16 thin films with cubic ordered mesostructures were synthesized by following the 
procedure reported previously 262,263. The preparation began by dissolving surfactant 2.3 g 
F127 as a structure-directing agent in 0.6 ml concentrated hydrochloric acid and 103.4 ml 
methanol with continuous stirring for 2 hours at 35 °C. In a separate beaker, 10.4 ml 
TEOS, 5.2 ml ethanol and 4.2 ml water were mixed for 30 minutes at room temperature. 
The second mixture was slowly added to the first and stirring continued for another hour 
at 35 °C. After mixing, the solution was kept under static conditions for 20 min 
(hydrothermal treatment) in an oven at 80 °C. It was then cooled at ambient temperature 
for 4 hours. Dip coating was performed onto glass slides, gold film and ITO substrates 
using a home built dip-coater with a variable speed motor housed inside a sealed 
container, to minimize disturbances in airflow and to control relative humidity (RH), 
which in turn controlled the ratio of wet to dry air flow into the container. The dip-
coating was thus performed in a static environment at a controlled RH of 45-55 %, a 
temperature around 23-25 °C and a pull rate fixed at 1 mm/s.  
The film was kept in the dip-coating container for another 10 min after the coating 
process to allow it to dry and drying was continued at ambient conditions for a further 24 
hours. Samples were then placed in a closed container and heated at 90 °C for another 24 
hours to enhance the formation of silica crosslinks. In order to obtain a porous silica film, 
the surfactant template was removed by methods such as calcination at 500 °C for 10 min 
or ethanol extraction.   
4.2.4. Porous thin film thickness 
Here, the thickness measurements were performed using an atomic force microscope 
(AFM, JPK  Nanowizard II system). Height images of sample were obtained using the 
tapping mode. There is a detailed discussion of AFM in Chapter 2, section 2.8. In the 
measurements, a silicon tip was run across (perpendicular to) razor cuts made in a 
homogeneous section of the silica film. The thickness was then determined from the 
height of the razor cut on particular sample 80. All thin films measured were as-
synthesized samples (heated to 100 °C and without surfactant removal), grown on glass 
substrate. 
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4.3. Results and discussion 
4.3.1. Porous thin film thickness 
Porous thin film materials can potentially be used in a wide variety of applications, 
including catalyst supports and optical materials 264. For many of these applications, the 
thickness of the film is very important because it can be a factor which limits its 
transport, thermal conductance and optical properties. The following AFM images show 
the razor cut profile used for the determination of thickness. The sample used for the 
experiments were taken from as-synthesized SBA-16 samples and were grown on glass 
slides.  
 
 
 
 
Figure 4-5 : Atomic force microscopy (AFM) topographic images from glass surface. A) 
2D image; B) 3D image; C) cross section height profile.  
 
(A) (B)
(C)
11.3 µm
 170 nm 
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Figure 4-6 : Atomic force microscopy (AFM) topographic images for as-synthesized 
SBA-16 grown on glass. A) 2D image; B) 3D image; C) cross section height profile. 
 
Figure 4-5 is the AFM image of the glass surface, while Figure 4.6 shows the AFM 
image of the silica SBA-16 thin film as-synthesized grown on glass. From both figures, it 
is noticeable that the razor has not only cut the SBA-16 thin film but penetrated the glass. 
Therefore the silica film thickness can be estimated as the height of the razor cut through 
silica film on glass (Figure 4-5) minus that of the razor cut on glass (Figure 4-6) . It is 
estimated that the thickness of as-synthesized SBA-16 thin film was 123 ± 19 nm (from 3 
places on a cross sectional height profile of the same sample).  
4.3.2. Surfactant removal study 
The fabrications of porous silica SBA-16 thin film have involved surfactant (F127) as the 
structure-directing agent and silica precursor as the inorganic source. The inorganic 
source wrapped the surfactant micelle then polymerized to form a stable structure in an 
acid environment. Thus the polymerized silica copied the negative image of the surfactant 
template, which then had to be removed so that the space occupied by it would become 
(A) (B)
(C)
11.5 µm
 311 nm 
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the pores of the silica framework 82-84. Traditionally, the heat treatment, calcination or 
burn-off method is used to remove surfactant from bulk materials. 
A thermal study was carried out to identify the thermal characteristics of the structure-
directing surfactant used in SBA-16 synthesize. The thermal analysis technique is 
discussed in Chapter 3 Section 3.3.2. Here the TG/DTG of pure F127 surfactant which 
was heated from ambient temperature to 600 °C in air is shown in Figure 4-7. The 
thermogram curves reveal that the surfactants were decomposed in two steps at 
temperatures of 272.0 °C and 320.0 °C. All samples decomposed completely at a 
temperature of 460.0 °C. In all experiments, the calcination temperature was set at 500 °C 
for 10 min (1 °C/min) 262,263, which was higher than the decomposition temperature of 
pure P127. This was to ensure the complete decomposition of surfactant during 
calcination. 
 
Figure 4-7: Thermoanalytical curve of F127 surfactant in air at 10 °C/min. 
 
Figure 4-8 shows the infrared (ATR-IR) spectra for the F127 samples. The surfactant can 
be recognised by two intense narrow bands corresponding to the CH2 stretching 
vibrations around 3000-2700 cm-1 and C-H deformation around 1300-1500 cm-1 204,205. 
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The IR spectrum for the F127 surfactant was similar to the P123 surfactant which is 
discussed in Chapter 3 Section 3.3.3. This is because both P123 and F127 are made from 
the same combination of block co-polymers, differing only in polymer length, which has 
no effect on IR spectra. The presence of a C-H band in the spectra corresponds to the 
existence of surfactant in the sample pores. In this thesis, all IR spectra have been 
enlarged for clarity and are divided into two regions. The first, labelled No 1, shows the 
C-H deformation around 3000-2700 cm-1, while No 2 shows that at 1300-1500 cm-1. The 
ATR-IR spectra for surfactant removal from mesoporous silica are shown in Figure 4-9.   
Figure 4-9 shows the IR spectra for SBA-16 thin film grown on glass before and after 
surfactant removal. Magnification of the spectra reveals sharp peaks in the uncalcined 
sample compared to the calcined sample around 3000-2700 cm-1 and 1300-1500 cm-1, 
indicating the presence of surfactant before its complete removal by calcination. Ethanol 
extraction at 35 °C for 3 hours resulted in a broader peak in the range of 3000-2700 cm-1 
and 1300-1500 cm-1. This suggests that some of surfactant remained in the sample. A 
broad band around 3400 cm-1 is observed for all the samples, partially caused by the O-H 
stretching vibration mode of the adsorbed water and the H-bonded silanol OH groups 216. 
A bending vibration mode for this functional group is responsible for the band recorded 
at 1608 cm-1 217. 
The 3-hour ethanol extraction procedure was insufficient to fully de-template the SBA-
16, but the broader IR adsorption peak showed the possibility of using ethanol as an 
extraction solvent, so the extraction time was prolonged to 24, 48 and 72 hours at 35°C 
and the resulting IR spectra are shown in Figure 4-10.  
The spectrum of the as-synthesized film on glass and 24-hour ethanol extraction exhibits 
the characteristics of the P127 template with the presence the CH2 stretching vibrations 
around 3000-2700 cm-1 and C-H deformation around 1300-1500 cm-1. Indeed, the IR 
results indicate that a trace of organic template was still detectable after 24 hours of 
surfactant extraction. However, the absorption peaks for 48 h extraction were much 
lower. The 72-hour extraction with ethanol shows quite similar results to those of the 
calcined sample (Figure 4-10, No 1). Nevertheless this method did not perfectly remove 
the surfactant, as a surfactant peak can be observed even after 72 hours, in Figure 4-10 
No 2. It has been reported elsewhere that a trace of surfactant is always present after the 
solvent extraction method 71,222.  
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Figure 4-8: Attenuated total reflectance-infrared (ATR-IR) spectra of pure F127 
surfactant. Spectrum No 1: wavenumber 3353 cm-1 to 2265 cm-1; No 2: wavenumber 
1870 cm-1 to 1113 cm-1. 
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Figure 4-9:  Attenuated total reflectance-infrared (ATR-IR) spectra of SBA-16 thin film 
grown on glass substrate. A) Calcined at 500 °C for 10 min, B) As-synthesized and C) 3-
hour ethanol extraction (35 °C). Spectrum No 1: wavenumber 3690 cm-1 to 2600 cm-1; 
No 2: wavenumber 1892 cm-1 to 1378 cm-1. 
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Figure 4-10: Attenuated total reflectance-infrared (ATR-IR) spectra of SBA-16 thin film 
grown on glass substrate; A) as-synthesized, B) 24-hour ethanol extraction, C) reflux 
with ethanol, D) 48-hour ethanol extraction, E) calcined at 500 °C for 10 min and F) 72-
hour ethanol extraction. All ethanol extractions were made at 35 °C.  
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4.3.3. Small angle X-ray diffraction (SAXRD) 
Powder 1D-XRD is a common technique for characterizing periodic materials. As the 
name indicates, the sample for study is usually in a powdery form, consisting of fine 
grains of a crystalline material. The orientation of the crystal structure will vary across 
the entire sample; the lattice planes, which are positioned according to Bragg’s law, will 
diffract accordingly and this diffraction is detected by the XRD detector. This technique 
can also be used for studying particles in thin film materials. However, thin films have 
specific structural arrangements 265. The sample position and orientation with respect to 
the X-ray beam are critical to the diffraction pattern in thin film characterisation. 
Small angle X-ray diffraction (SAXRD), sometimes known as low angle diffraction, is a 
method which operates at a very low X-ray beam angle in order to observe the 
mesoporous properties of a sample. In this study observations were made at 2θ angles of 
less than 6°. For example, porous silica thin film consists of a very thin structural layer 
with low density. At higher 2 θ angles, X-rays beam can penetrate through the epitaxial 
layers of the thin film and will thus measure the properties of both the film and the 
substrate 265, whereas at very low angles, the same X-ray beam only grazes the sample 
and is diffracted. According to Bragg’s law (7 = 2$&%), when the θ value is decreased, 
the d-spacing will increase. Therefore, at a low angle, the diffraction that occurs does so 
from a mean distance in the mesoscale range and this corresponds to the d-spacing of 
mesostructured materials 223 such as SBA-1633.  
Self-assembled thin film mesostructures such as SBA-16 are not exactly crystalline 
materials, but the X-ray diffraction which occurred at a low angle was due to periodic 
contrast in electron density between the amorphous framework and pores 27. The 
schematic diagram for powder XRD with a thin film sample at position ω = 0° is shown 
in Figure 4-11.  
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Figure 4-11: Schematic drawing of powder
thin film sample at ω 
 
This section reports the use of SAXRD to study the crystallinity of SBA
surfactant removal through soaking or reflux with ethanol and calcination. The diffraction 
patterns of the SBA-
tabulated in Table 4.1
sample shows two prominent diffraction peaks at 2
of 142 Å and 92 Å respectively. There was no third peak for the
but this appeared in samples after soaking with ethanol for 24, 48 and 72 hours, because 
the process of surfactant extraction left the pores empty, making the electron density 
contrast between pore walls and empty spaces higher than
diffraction signal was stronger. A third peak was observed in the calcined sample, for the 
same reason. These results also show that the surfactant extraction procedure was able to 
remove surfactant from the silica cavitie
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The 2θ value of the first peak is seen to have slightly increased from the as-synthesized 
sample to the 24- and 48-hour extraction. This means that the d-spacing became smaller 
as extraction time increased. However, the 72-hour sample shows a very marked change 
in the first peak, with d-spacing increasing from 142 Å for as-synthesized to 215 Å. What 
may have happened is that that when porous silica was kept for too long in the ethanol, 
some of the pore walls could be collapsed, making the pores bigger.  
The calcined sample shows a very good diffraction pattern, with all peaks shifted to lower 
d-spacing. The first peak moved from a d-spacing of 134 Å for the as-synthesized sample 
to 113 Å after calcination. A plausible explanation is the existence of wormholes related 
to the hydrophilic nature of the EO-blocks of the triblock copolymer P123 template 
224,225
, leading to the formation void space in the pore silica wall 23,266. Ethanol extraction 
and calcination not only removed the polymer template which occupied the primary 
mesopores, but also reduced the quantity of EO-blocks in the wormholes, which in turn 
created void spaces in the walls, thus promoting structural shrinkage after drying.  
The reflux method showed the effect of structural collapse, whereby no specific peak can 
be observed in the diffraction pattern. Only a small hump can be observed at 2θ =  1° and 
the rest is just noise. In summary, the structural crystallinity was preserved in the calcined 
samples and was enhanced from 24 to 48 hours extraction with ethanol. However, the 
pore cavities were wider after 72 hours extraction. The structure was almost completely 
decomposed when the reflux method of surfactant extraction was applied. The IR and 
SAXRD results indicate that the SBA-16 thin film samples maintained their structure and 
that the F127 surfactant can be effectively removed by 48 hours of ethanol extraction. 
This method is therefore adopted as a standard approach to surfactant removal from SBA-
16 thin film when the calcined method is not appropriate. 
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Figure 4-12: Small-angle X-ray diffraction patterns (SAXRD) of SBA-16 thin film 
grown on glass substrate. A) as-synthesized, B) 24 h EtOH extraction, C) 48 h extraction, 
D) 72 h EtOH extraction, E) calcined and F) refluxed for 3 hours. All ethanol extractions 
were done at 35 °C. The symbols placed above or below peaks represent the first peak 
(*), second peak (♦) and third peak (•) 
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Table 4-1: Small-angle X-Ray diffraction pattern analysis (2θ and d-spacing) as a 
function of surfactant removal method.  
  
The XRD pattern indexing for calcined SBA-16 thin film using 1D SAXRD was 
suggested by Shi et al. 258. Their indexing corresponds with the BCC Im3m space group 
23,153
. However, the thin film has a fixed orientation, therefore each sample position with 
respect to the X-ray beam will contribute a specific diffraction in 1D 154,155. The SBA-16 
thin film has been reported to undergo surface contraction while drying 267 and therefore 
the orientation will no longer be cubic. For the perfect cubic structure orientation, the unit 
cell parameter a = b = c, with unit cell angle γ =  90°. However, when the unit cell 
experienced contraction, the unit cell angle γ ≠ 90°. Thus indexing the XRD pattern using 
BCC does not give an accurate unit cell value. Figure 4-13 shows a 2D illustration of the 
transformation from cubic structure orientation to rhombohedral upon drying. 
Sample 
First peak (*) Second peak (♦) Third peak (•) 
2θ/o 
d-spacing 
(Å) 2θ/o 
d-spacing 
(Å) 2θ/o 
d-spacing 
(Å) 
As synthesized 0.62 142 0.96 92 - - 
Ethanol extraction : 
24 hours 0.64 137 1.00 88 2.00 44 
Ethanol extraction : 
48 hours 0.64 138 0.99 89 2.01 44 
Ethanol extraction : 
72 hours 0.41 215 1.1 80 2.01 44 
Calcined (500 °C, 10 
min 1°/min) 0.78 113 1.52 58 2.83 31 
Refluxed with 
ethanol for 3 hours - - - - - - 
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drying. The transition parameters with their orientation with respect to the substrate are 
shown in Figure 4-14.  
 
 
 
Figure 4-14: Illustration of symmetry change from body center cubic (BCC) Imm to 
face-centred orthorhombic (Fmmm) space group. A) 3D illustration of cubic Imm, B) 
3D illustration: redefined unit cell as face-centred orthorhombic (Fmmm) C) 2D 
illustration of cubic Imm, D) 2D illustration: blue dotted line redefined unit cell as face-
centred orthorhombic (Fmmm) and E) compressed 2D face-centred orthorhombic space 
group upon drying. 
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4.3.4. Grazing incident small angle X-ray scattering (GISAXS) 
GISAXS is a versatile tool for characterizing materials at the nanoscale. GISAXS 
investigations are conducted at very low incidence angle (αi << 1°), where the resolution 
of the thin film images is determined by the sample-to-detector distance and the presence 
of a high quality X-ray beam. The resultant scatterings are projected onto a 2D detector 
array 160,269,270. GISAXS overcomes the limitations of conventional small angle powder 
1D X-ray diffraction with respect to extremely small sample volumes because it deals 
with thin films and mono-orientation, as in thin film geometry 154,155. This is therefore 
one of the best techniques used to characterise thin films.  
 
Figure 4-15: Grazing incident small angle X-ray scattering (GISAXS) diffraction images 
of SBA-16 grown on indium tin oxide substrate (ITO). (A) blank ITO sample, (B) as-
synthesized SBA-16 (dry at 25 °C) and (C) calcined SBA-16 (500 °C for 10 min).  
 
The GISAXS experiments (Figure 4-15) were performed at the HASYLAB EU 
synchrotron radiation facility (HASYLAB, DESY at Bw4 beam line) in Hamburg, 
Germany. Schematic settings of the GISAXS experiment are discussed in detail in 
Chapter 2 Section 2.5. Figure 4-15 compares the GISAXS patterns for blank substrate 
(ITO), as-synthesized SBA-16 and calcined SBA-16 silica films. The pattern for the 
qz
qy
(A) (C)(B)
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blank substrate (Figure 4-15 A) shows only one spot, located in the middle of the image 
and known as the Yoneda peak; its origin is discussed in Chapter 2, Section 2.5. The 
small and sharp diffraction spot located above the Yoneda peak in the qz direction is not a 
real peak because it was observed in a similar position on blank, as-synthesized samples 
and after calcination. The as-synthesized (25 °C) sample (Figure 4-15 B) shows two 
weak spots situated to the left and right of the central spots caused by silica-surfactant 
mesostructure, while Figure 4-15 C shows four clear spots of GISAXS reflection of the 
silica mesostructure. This arises because the density contrast between pores filled with 
surfactant and the silica walls is relatively low for the as-synthesized sample but increases 
after calcination. There were no faint rings apparent in the calcined sample and this is 
evidence of a high degree of structural orientation.   
Figure 4-16 explains the use of the FIT2D software. Looking closely at Figure 4-16A, 
the 2D GISAXS image can be separated symmetrically into two main regions, on the left 
and the right, as in Figure 4-16B. These regions are separated by continuous diffraction 
in the middle of the image. If the image is sliced down the middle in the qz direction, as 
in Figure 4-16 X, three diffraction peaks appear. The first is the Yoneda peak, the second 
(green box) is not real and the third is caused by X-ray diffraction by thin film sample. 
The spots adjacent to the main (Yoneda) peak are caused by the reflection effect at the 
substrate surface 271. Figure 4-16 Y shows two peaks which were developed from X-ray 
diffraction of the sample and Figure 4-16 Z shows three peaks, the middle one of which 
is not a real peak, but only the adjoining diffraction. Figure 4-16 B shows the possible 
diffraction peak.  
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Figure 4-16: Overview of horizontal and vertical slices through the calcined SBA-16 
(500 °C for 10 min) of grazing incident small angle X-ray scattering (GISAXS) image for 
the confirmation of diffraction spots. Sample was grown on indium tin oxide (ITO) 
substrate. (A) GISAXS images of calcined SBA-16 and (B) possible diffraction spots 
from horizontal and vertical slice analysis using FIT-2D software. X and Y are the 
vertical slices in the qz direction and Z is the horizontal cut in the qy direction. Red circles 
show diffraction spots developed from the X-ray beam diffraction of the film structure. 
Green box shows Yoneda peak and unknown peak.  
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Figure 4-17:  Grazing incident small angle X-ray scattering (GISAXS) images of SBA-
16 thin film grown on indium tin oxide (ITO) substrate at different ω angles. A) 0°, B) 
40°, C) 60° and D) 120°: a and b is the diffraction peaks. 
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Table 4-2: Estimation of d-spacing at diffraction spots of (a) and (b). The data were 
obtained from grazing incident small angle X-ray scattering (GISAXS) images shown in 
Figure 4-17. 
Position 0° 
Diffraction 
position d-spacing (nm) 
(a) 6.4 
(b) 4.7 
Position 40° (a) 6.9 
(b) 4.6 
Position 60° (a) 6.9 
(b) 4.7 
Position 120° (a) 7.0 
(b) 4.5 
 
Figure 4-17 shows a series of GISAXS diffraction images with different ω angles. An 
initial angle of 0° was assumed and the sample was then rotated through 40°, 60° and 
120°. The GISAXS diffraction scattering images show four clear spots in all positions. 
However, the images are rather blurred, because the measurement time was only 1.6 
minutes in each position, compared to 16 minutes’ observation as in Figure 4.16.  
The d-spacings were calculated using the formula discussed in Chapter 2, Section 2.5. It 
is clear that all peaks were situated in almost the same position at whatever angle the 
sample was measured (Table 4.3). The d-spacing for the (a) lattice plane shows less than 
8.6 % difference; while for the (b) lattice plane the difference was 4.3 %. As mentioned, 
each bright spot (except the Yoneda peak) was caused by the diffraction of X-rays by the 
lattice plane of the sample.  
The thin film was also orientated with rotational freedom around one fixed axis (planar 
disorder). If the sample has only one orientation, it will act like single crystal. Only 
certain positions towards the X-ray beam will result in diffraction, while other angles will 
give no diffraction. However, the diffraction presented here shows similar 2D images 
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(Figure 4.12) in all sample positions, indicating a structural orientation which satisfies 
Bragg’s law in each sample position. This proves that the sample had patches of crystal 
with rotational freedom around one fixed axis perpendicular to the substrate.  Thus the 
thin film had rotational disorder properties. 
4.3.5. GISAXS characterisation: SBA-16 grown on glass substrate 
In this section, the discussion will focus on GISAXS diffraction data gathered from the 
experiments performed at Manchester University, where mesoporous thin films were 
grown on glass slide substrates. Diffraction images for the samples as-synthesized 
(heated to 100 °C) and after ethanol extraction are shown in Figure 4-18. Figure 4-16 C 
and D shows overlay simulation by NANOCELL code 159 on top of GISAXS with face-
centred orthorhombic (Fmmm) space group.  
The indexing closed with that reported by Falcaro et al. 268 (a = 21 nm, b = 18 nm and c = 
29.7 nm; the film was grown on silicon wafers).The unit cell parameter results appear in 
Table 4-3.  
From the simulation, the unit cell b parameter for a sample heated 100 °C shrank by 
25.73 % and the sample after surfactant extraction by 36.87 %. It was assumed that the 
unit cells of a and c were constant after thermal extraction and only the b parameter, 
perpendicular to the substrate, would experience contraction 267. Such shrinkage was 
expected to be more obvious for thin film after surfactant removal because it is easier to 
compress a structure with empty pores than one whose pores are filled with surfactant. A 
comparison of samples heated at 100 °C and after surfactant extraction revealed that the 
unit cell b was reduced dramatically.  
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Figure 4-18: Grazing incident small angle X-ray scattering  (GISAXS) diffraction image 
of SBA-16 grown on a glass slide A) as-synthesized sample; B) after ethanol wash (48 
hrs). Image C (as-synthesized) and D (after ethanol extraction) are the GISAXS image 
with overlay simulated spots using the NANOCELL code. 
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Table 4-3: Unit cell parameters deduced from grazing incident small angle X-ray 
scattering  (GISAXS)  images of SBA-16 grown on glass for samples heated at 100 °C 
and after ethanol extraction (48 hours at 35 oC). 
Method: NANOCELL code 
simulation 
unit cell (nm)  
a b c b* 
Structure 
shrinkage 
Sample Heated to 100 °C 19.04 20.00 26.93 26.93 25.73% 
 
EtOH extraction 19.04 17.00 26.93 26.93 36.87% 
Note : b* is the theoretical unit cell before any structural shrinkage,  ) = √2 ×  = c 
4.3.6. Merging the GISAXS and small angle XRD pattern  
Figure 4-19 shows the GISAXS image and the diffraction pattern for a thin film sample 
after surfactant extraction. From the simulation (section 4-18), it is known that the 
GISAXS image was indexed following the Fmmm space group with (111), (020) and 
(040) Miller indices and the unit cell of a = 19.04, b = 17.00 and c = 26.93. By applying 
the Bragg equation, the d-spacing and 2θ value were calculated and are tabulated in 
Figure 4-19.  The d-spacing and 2θ values for (020) and (040) are close to the values 
obtained from SAXRD, with less than 5% difference. However, the value for (111) is 
very different and therefore the first peak observed in the SAXRD pattern does not 
belong to the (111) plane but occurred because of the Yoneda peak. This shows the good 
agreement between the GISAXS and SAXRD methods.    
SBA-16 thin film was carefully and reproducibly prepared and examined using X-ray 
methods, in particular GISAXS. Although X-ray diffraction is the best method to 
characterize a periodically organised mesostructure, it does not reveal the additional 
potential present in the amorphous domains. Therefore, electrochemical methods were 
used to observe the porosity and polarity of SBA-16 samples, as reported in section 4.5.2. 
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GISAXS  Small angle diffraction 
Unit cell a= 19.04, b = 17.00 and c = 26.93   
Miller indices 
(h,k,l) 
1d-spacing 22θ/°  Miller indices 
3d-spacing 42θ/° 
(111) 11.5 0.76  - 13.8 0.64 
(020) 8.5 1.04  (020) 8.9 0.99 
(040) 4.25 2.08  (040) 4.4 2.01 
(1)  > =  > + ¡¢> + £¤>  
(2) 2θ = 2 × ¥sin  λ#¦ 
(3) d = λ§¨©θ 
(4) 2θ position obtained from Small-angle X-ray diffraction patterns  
Figure 4-19: A) Grazing incident small angle X-ray scattering (GISAXS) diffraction 
image of SBA-16 grown onto glass after ethanol extraction (48 hours at 35 oC).  B) small 
angle X-ray diffraction (SAXRD) pattern of similar sample. X is not a real diffraction 
peak but a Yoneda peak which is apeared above the critical angle. The table shows the d-
spacing and 2θ values calculated from GISAXS and SAXRD patterns. 
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4.3.7. Transmission electron microscopy (TEM)  
 
Figure 4-20:  Transmission electron microscopy (TEM) images of the SBA-16 thin film 
grown on glass after surfactant extraction with ethanol for 48 hours at 35 °C. It recorded 
of the A) (111), B) (110) planes. Image C) and D) are the magnifications of A and B 
respectively. Scale bars correspond to 50 nm and plan-view TEM images show a cubic 
orientation. 
 
Transmission electron microscopy (TEM) is currently the technique most widely used to 
study nanomaterial morphology, providing a two-dimensional picture of these materials 
272-274
. The specimens for analysis were prepared by scraping a few milligrams of sample 
from the thin film deposited on a glass microscope slide. The scraped samples were then 
dispersed by sonication in acetone for two minutes and one drop of each dispersed 
sample was placed onto a copper grid using a pipette 263,275.  
Prior to TEM, surfactant was extracted from the sample using EtOH  for 48 hours at 
35 °C. Figure 4-20 shows plan-view images of the cubic orientation, along the (111) 
plane (images A and C) and the (110) plane (images B and D) of a BCC structure 276. 
C
50 nm 50 nm
(A) (B)
D
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This result is consistent in the sense of structural image orientation with the reports in the 
literature of the preparation of thin films using F127 surfactant as the template 46,79,263.  
The orientations of the silica mesostructure are highly influenced by the surfactant 
template employed 24. In this case, silica SBA-16 thin film was synthesized via the liquid-
liquid template method with F127 surfactant copolymer as template. It is reported that 
when the concentration of F127 is higher than the critical micelle concentration (CMC), 
in an aqueous medium, the surfactant will agglomerate and form a cubic phase Im3m 
liquid crystal system 49.  In the case of SBA-16 powder formulations, the surfactant 
concentrations are around 0.03 to 0.05 g/ml and this amount is sufficient for surfactant to 
assemble into micelles. However, when the surfactant concentration is higher than this, it 
will result in the formation of a silica gel 33. 
In thin film preparation, the surfactant concentration slightly diluted, as in the present 
study. The surfactant concentrations employed was 0.02 g/ml and the question is how 
such concentration can direct the cubic phase structure. A plausible explanation lies in the 
theory of evaporation-induced self-assembly, which is discussed in Chapter 1 Section 
1.5.1. Basically, in the formation of thin films by the EISA method, the concentration of 
surfactant rises as solvent evaporates 83,225,277,278. The final silica-surfactant concentration 
will be silica and surfactant with a trace of water and solvent. As the concentration 
increases, the surfactant will rearrange to a cubic structure, as suggested by Wanka et al. 
225
. The TEM results show that after surfactant removal, the thin film silica framework 
copies the structure of its surfactant template (cubic structural arrangement).  
4.4. Conclusion 
This work has demonstrated the preparation of silica mesostructure thin film grown on 
glass slide, ITO and evaporated gold electrodes. Removal of surfactant from silica 
cavities was achieved by calcination for thin film growth on ITO. However, calcination 
was not suitable for film grown on evaporated gold electrode therefore ethanol extraction 
was used as alternative. The TEM results for thin film prepared shows that the cubic 
structure orientation of a body center cubic (BCC) structure has been produced. With 
GISAXS analysis, it was observed that the thin film was not exactly cubic but shows 
contraction along the direction perpendicular to the substrate after the drying process and 
surfactant removal treatment.    
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5. CHAPTER 5: ELECTROCHEMICAL STUDY FOR SBA-
16 GROWN ON INDIUM TIN OXIDE SUBSTRATE (ITO) 
Chapter Objective 
1. To study the pore accessibility and the estimations of active area for SBA-16 
modified electrode using ferrocene methanol as redox active species. 
2. To observe cyclic voltammetry (CV) shape of SBA-16 surface charge by using 
neutral cationic and anionic redox species.  
3. To increase the indium thin oxide (ITO) conductivity by evaporating it with a 
layer of gold film.  
5.1. Introduction 
Porous SBA-16 thin film is mainly silica and therefore non-conductive. Conductive 
materials such as carbon, metal and conductive glass are often utilized as substrates for 
such films in electrochemical experiments. The most common types of conductive glass 
used by electrochemists are ITO and fluorine-doped tin oxide (FTO) 279,280. ITO is made 
from a mixed solid solution of indium (III) oxide (In2O3, 90%) and tin (IV) oxide (SnO2, 
10%). The conductivity is due to oxygen vacancies and the incorporation of a higher 
valency cation (tin) in the host In2O3.  
ITO has become a popular choice for the preparation of thin film materials because of its 
optical properties as well as its reasonable electrical conductivity. The degree of 
conductivity of the conductor layers depends on the thickness of the oxide film. In any 
application, it is necessary to consider both conductivity and transparency, as a thicker 
oxide film gives better conductivity but poorer optical properties. For information, all 
ITO thin film used in the experiments had a surface resistivity of 8-12 Ωcm (0.125-0.083 
S/cm) 281. Indeed, ITO is a semiconductor material 282,283 and is thus relatively low in 
conductivity.  Industrial quality (optimised) ITO film has a conductivity of ~1×104 S/cm 
284,285
 as compared to that of gold, which is 48.8×104 S/cm, and silver, at 68.0×104 S/cm 
199
. 
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ITO has been used as a base substrate material in the electrochemical study of porous 
silica thin films. Shi et al. 258 demonstrated that iron oxide was electrodeposited onto the 
silica film in an electrolytic cell fitted with a platinum counter electrode as the anode and 
SBA-16 thin film on an ITO substrate as the cathode. Likewise, Wang et al. 286 deposited 
palladium on a porous silica template (SBA-15) and demonstrated the preparation of 
metal nanowire by electrodeposition onto a porous silica film template, which has various 
potential applications 286. 
Conductive glass is used because it is transparent and colourless in thin layers. It is 
mainly used to make transparent conductive coatings such as touch panels 287,288, 
electronic devices and solar cells 289. It is also stable at very high temperature; the melting 
point of ITO powder is 1910 °C 290 and therefore calcination at 500 °C to remove the 
surfactant template is possible when employing this kind of substrate. For the purpose of 
this study, the SBA-16 silica thin film was prepared by the EISA methods on ITO 258 in a 
controlled environment by dip coating. The removal of surfactant by calcination and the 
experimental method are discussed in detail above (4.4.1). 
The electronic properties of thin films are different from those of bulk materials and are 
sensitive to the pore shape and size and to the composition of the film. Their surface-to-
volume ratios and variations in geometry (porosity) will dramatically affect transport 
properties through porous thin film materials. The porosity of films can be studied 
electrochemically, since the presence of pores with molecular dimensions allows species 
in solution to diffuse selectively through such materials to an underlying electrode 
surface and undergo redox processes. The variations of electrochemical responses 
compared to a smooth or uncovered electrode are the characteristics of a porous surface. 
Since voltammetric studies deal with currents, the preparation of electrodes from 
mesostructured materials is a major consideration in electrochemical thin film studies 170. 
Film preparation is dependent on the degree of electrical conductivity of a mesostructure. 
Since SBA-16 is made from silica and surfactant, it is non-conductive, so it has to be 
dispersed on a more conductive matrix such as conductive glass (e.g. ITO), graphite or 
metal. Fortunately, SBA-16 suspensions can be prepared and therefore techniques such as 
spin coating or dip coating can be used practically to grow a film on a conductor material. 
In the present study, the working electrode was prepared from an ITO substrate dip-
coated with SBA-16 solution. The coated electrode then underwent several treatments to 
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strengthen the silica structure (see Chapter 4 Section 4.2.3), followed by surfactant 
removal (calcination). The electrochemical experiments employed the 3-electrode setup 
and porous thin film electrode preparation discussed in detail in Chapter 2 Section 2.10.4  
 
The experiments were performed in 0.05 M KHP buffer (KHC8H4O4) to maintain pH 4 
throughout. It is reported that at low pH, in alkaline solution or in the presence of high 
salt levels, destruction or dissolution of the silica structure can occur. This phenomenon 
was not observed in the KHP solution 74,85. KHP also acts as a supporting electrolyte, 
whose elements are not electroactive in the range of applied potentials being studied but 
which will contribute to its conductivity 178.  
5.2. Experimental 
5.2.1. Chemicals and reagents 
In this study, Decon 90 was obtained from Decon Laboratories Limited and used for 
cleaning purposes. The redox-active solutes were potassium iodide (KI, Prolabo), 
ferrocene methanol (FcMeOH, Aldrich) and Tris(2,2-bipyridine) ruthenium(II) chloride 
hexahydrate (Ru(bpy)3Cl2.6H2O, Acros Organic) were used as received. Potassium 
phthalate (KHP, Merck) was used as buffer. All solutions were prepared with high-purity 
water (18 MΩ cm) from a Millipore “Milli-Q” water purification system. Tetraethyl 
orthosilicate (TEOS, Aldrich 98%) was used as silica source, methanol (Fisher, analytical 
grade) and HCl (Fisher) as solvents and Pluronic® F127 (EO99PO65EO99 from BASF) as 
directing surfactant. Indium tin oxide (ITO,resistivity = 8-10 Ωcm)) was purchased from 
SPI Supplies. 
5.2.2. Substrate preparation  
Substrate preparation for indium thin oxide (ITO) and glass slide have previously 
discussed in Chapter 4 Section 4.2.2. To increase the substrate conductivity, the clean 
substrate was then placed in an Edwards E306 evaporator for gold evaporation procedure, 
in which pure gold was evaporated onto the substrate up to the required thickness. Gold 
evaporation procedure is discussed in detail in Chapter 3, Section 3.2.4.  
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5.2.3. Mesoporous thin film preparation 
Mesoporous SBA-16 thin film preparation has previously discussed in Chapter 4 section 
4.2.3. 
5.2.4. Electrochemical experiments 
Electrochemistry generally concerns the passage of an electric current as a function of 
potential; thus electrode preparation is critical in any electrochemical experiments. The 
preparation of porous SBA-16 silica on ITO and gold film as an electrode are discussed 
in Chapter 2, Section 2.10.4.  
Electrochemical experiments were performed using cyclic voltammetry (CV) with a 
standard three-electrode cell. The working electrodes were either bare ITO, ITO with 
evaporated gold film, ITO with mesoporous SBA-16 thin film or bare evaporated gold 
film. The mentioned electrode had nominal electrode area of 0.385 cm2. A standard 
commercial gold electrode with electrode area of 0.0314 cm2 had used for reference 
experiments. A platinum gauze wire was used as the counter electrode, with Ag/AgCl in 
saturated KCl as the reference electrode. The experiments were run in a cell made in-
house, as shown in Chapter 2, Figure 2-16. The electrolyte contained the specific redox 
probe dissolved potassium phthalate buffer system ( 0.05M KHP), which acted both as 
buffer, maintaining the solution at pH 4 throughout the experiments, and as supporting 
electrolyte 291.  
5.3. Results and discussion 
5.3.1. Permeability study 
The accessible pore volume in nanoporous powders is typically determined using gas 
adsorption. However, this technique is not capable of giving any direct indication of 
accessibility to the nanopores of thin films, while if the film were scraped from the 
substrate and used in the powder form, the amount obtained would be too low for 
sorption measurements.  
Electrochemical techniques can also be used to address questions of pore accessibility, 
but care must be taken to calculate the accessible area accurately, because of solvation 
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and surface charge effects, which mean that the accessibility of the substrate to solution-
phase species can be vastly different from its accessibility to gas-phase species. There 
have been few electrochemical studies involving self-assembled continuous nanoporous 
film-coated electrodes 85,130,292. By comparing the peak currents from cyclic voltammetry 
(CV) studies of porous silica-coated and commercial gold film electrodes, the percentage 
of the substrate that is electrochemically accessible can be calculated.  
The interesting property of mesoporous silica and in particular of SBA-16 thin films is 
their porosity. The silica cavities also encompass a rigid, three-dimensional charged 
lattice (which depends on pH) with a specific range of pore sizes. It is known that the 
silica surface has an isoelectric point (IEP) of about 2-3 293 and thus bears negative 
charges at pH 4. This acidic IEP is mainly due to silanol-silanolate equilibria in the 
aqueous phase. It is thus expected that these surface charges could have some influence 
on the permeation of charged probes through the film via favourable or unfavourable 
electrostatic interactions. Therefore, a neutral redox species, FcMeOH, was used to 
observe the permeability of SBA-16 thin film grown on ITO substrate. 
Electrochemistry of Ferrocene methanol 
Ferrocene methanol was chosen as the redox active species because it is soluble in water, 
undergoes a simple one-electron reversible redox oxidation and is a neutral redox probe 
85
. It will reduce or oxidise according to the following equation:   
 
FcMeOH(aq)   FcMeOH+(aq) +   e-  Equation 5-1  
 
The CV of a gold commercial electrode in 500 µM FcMeOH with 500 mM KHP (pH 4) 
as buffer solution is discussed in detail in Chapter 6 Section 6.3.3. The diffusion 
coefficient was calculated using the Randles-Sevčik equation and found to be D = 5.12 ± 
0.04 × 10-6 cm2/s (literature = 6.4 × 10−6 cm2/s on disc microelectrode 228). The cyclic 
voltammetry for bare ITO is shown in Figure 5-1. 
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Figure 5-1: Cyclic voltammograms recorded for bare indium tin oxide (ITO) electrode in 
0.05 M potassium phthalate buffer solution (pH 4) with 500 µM FcMeOH at various scan 
rates. Electrode area = 0.385 cm2. 
 
The apparent diffusion coefficient of bare ITO was 1.89 ± 0.06  × 10−6 cm2/s, lower than 
gold electrode (Chapter 6, Figure 6-8). The ITO peak separation was wider (117 ± 6 mV 
) than the commercial gold electrode (64 ± 1 mV) at the same scan rate of 0.05 V/s. The 
peak separations on ITO increased as the scan rate increased.  The results are discussed 
further in the section 5.3.1on ITO compatibility. 
 
Figure 5-2 compares CV curves for bare ITO, uncalcined (as-synthesized) SBA-16 and 
calcined SBA-16 thin film samples. As shown, the voltammetric responses were 
extremely low for samples as-synthesized and increased after calcination. The observed 
differences could be explained only by the sieving effects of porous silica and/or 
interactions between the mesoporous material and the redox probes. 
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Figure 5-2: Cyclic voltammograms recorded in 0.05 M potassium phthalate buffer 
solution (pH 4) containing 50 µM FcMeOH at 0.05 V/s. Black line = uncalcined SBA-16 
sample. red line = bare indium tin oxide (ITO) and blue line = calcined (500 oC for 10 
min) SBA-16 sample. All SBA-16 thin film were grown onto ITO substrate. 
  
 
Before surfactant extraction (uncalcined), no faradaic peak for redox processes involving 
FcMeOH species was observed. The CV response was only background current and this 
indicates that despite the barrier to the transit of FcMeOH species, the film did not confer 
total insulation from the external solution and that electrical contact occurred at the 
electrode-solution interface. The charge transport through the surfactant-filled pores must 
occur via ions such as H+ and Cl- which were present in the surfactant and thus provided 
some conductivity. An estimation was made from current developed during oxidation and 
reduction for the bare ITO sample (10.02 µAcm-2) and the value was compared with the 
background current obtained from the uncalcined sample (0.16 µAcm-2). The results 
reveal that without calcination, the sample blocked ~ 98 % of the current. Similar 
behaviour has been observed with as-synthesized mesoporous titania thin films 294.  
After surfactant extraction, by calcination in this case, a dramatic modification of the 
electrochemical response was observed. The CV curve was characterized by well-defined 
oxidation and reduction peaks, corresponding to the redox equilibrium of FcMeOH, as 
shown in Figure 5-2. On the other hand, both oxidation and reduction peaks were 
suppressed, as were the faradaic currents; for example, Ip oxidation = 6.68 × 10-7 Acm-2 
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and Ip reduction = 5.27 × 10-7 Acm-2 for porous thin film, compared with bare ITO, 
where Ip oxidation = 5.61 × 10-6 Acm-2 and  Ip reduction = 4.76 × 10-6 Acm-2. This is 
equivalent to a current reduction of about 89 % for both oxidation and reduction.  
According to the Randles-Sevčik equation (Chapter 2, Equation 2-20), the peak current, 
Ip, observed in a one-dimensional diffusive charge transfer in the ITO film system is 
proportional to the active area. The porosity of a medium such as a porous thin film can 
be defined as the ratio of void area on the electrode (active electrode area) to the total 
electrode area, as in the following equation. Assuming that other parameters are constant, 
Equation 5-2 is relevant.  
 = }s} = usu         Equation 5-2 
 
where Aν is the active area of the electrode and At is the total bulk electrode area (bare 
ITO). φ is a symbol used to denote porosity, where porosity is a fraction between 0 and 1. 
Iv is the current obtained from the calcined SBA-16 electrode and It is the current 
obtained from the bare ITO electrode. Thus, ? = 0.11 D(0.35) = 0.11  = 0.042 cm 
 
Therefore, the estimated effective electrode area for the SBA-16 thin film electrode was 
0.04 cm2, while that of bare ITO was 0.38 cm2. This suggests that the active area had 
been reduced by the presence of the mesostructured material and that only some of the 
electrode surface was exposed to electrolyte, while the rest was covered by silica 
structure. A further factor that should be considered is that the low faradaic current was 
due to 3D arrangements of mesoscale pore structure, providing additional resistance to 
solute transport by slowing down the mass transport into the silica cavities.  
 
The electrochemical method involved the calculation which based on faradaic current 
response (Ip) for the particular electrode and corresponds to the open or active area of the 
electrode surface. Therefore, no matter what kind of structure grows on the electrode 
Chapter 5                                                            Electrochemical study for SBA-16 on ITO 
  
168 
 
surface, it will not influence the current as long as there are interconnected pores which 
are large enough for redox species to diffuse through, from bulk solution to the 
underlying electrode. However, thicker films and narrower pores will slowdown the mass 
transport.  
 
The estimated effective electrode area for the SBA-16 thin film electrode was 0.04 cm2, 
while that of bare ITO was 0.38 cm2. The area fraction (active electrode area: total 
electrode area = 0.11) of porous silica electrodes can be compared with what would be 
expected from the porous silica structure. However, this estimation is based on certain 
assumptions which have to be made. First, it is assumed that the silica film is totally inert 
with respect to the redox species. Therefore, the concentration and diffusion of analyte 
are assumed to be the same in the bulk solution as in the silica cavities. Second,  the 
SBA-16 which was grown possesses a body-centre cubic phase with Im3m space group 
46,79,263
 with lattice plane (110) parallel to the substrate 135,267  (Figure 5-3). Figure 5-3 B 
shows the (110) lattice plane, which consists of a total of 2 complete pores in a square 
area. From the TEM image, Figure 5-3 C, a rough calculation was made. The shaded 
area at this magnification is 183.6 mm2 (13 mm × 13.5 mm) and the pore area is 25.13 
mm2 (2 × 22 × pi mm); therefore the area fraction is 0.13. This calculation is only an 
estimation, but the result is quite close to that obtained by the electrochemical method 
(area fraction = 0.11).  
 
 
 
Figure 5-3:  A) 3D picture of a body-centre cubic phase with Im3m space group; B) 
Illustration of pores on the electrode surface, represented by yellow circles; C) 
Transmission electron microscopy (TEM) image recorded along the (110) plane, showing 
pores as white areas. 
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Electrochemistry of Ruthenium complexes 
Ru(bpy)3Cl2.6H2O was used as a cationic redox probe for the permeability study of 
positively charged solutes into SBA-16 thin film. The voltammetry forward scan will 
make the ruthenium complex lose one electron, while the backward scan will cause it to 
regain the electron (Equation 5-3). This corresponds to the reversible transformations of 
Ru(II)/Ru(III). The CV of ruthenium complexes using a commercial gold electrode 
(Figure 5-4) shows a well-resolved redox peak with an average diffusion coefficient D = 
2.5 ± 0.3 × 10-6 cm2/s. This D value is at the lower end of the range reported in the 
literature (2.5 - 4.8 × 10-6 cm2/s 295-297). 
 
[Ru(bpy)3]2+               [Ru(bpy)3]3+ + e-      Equation 5-3  
 
 
 
Figure 5-4: Cyclic voltammograms recorded in 0.05 M potassium phthalate buffer 
solution (pH 4) containing 500 µM [Ru(bpy)3]2+ on a commercial gold electrode at 
various scan rates. Electrode area = 0.0314 cm2. 
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Figure 5-5: Cyclic voltammograms  recorded in 0.05 M potassium phthalate buffer 
solution (pH 4) containing 500µM [Ru(bpy)3]2+ on bare indium tin oxide (ITO) at various 
scan rates. Electrode area = 0.385 cm2. 
The CV for [Ru(bpy)3]2+ on a bare ITO electrode in is shown in Figure 5-5. The average 
diffusion coefficient was D = 3.7 ± 0.9 × 10-7 cm2/s. This D value is much lower than 
that reported for a commercial gold electrode and the value reported by Song et al. on 
ITO (2.6  × 10-6 cm2/s).  It has been suggested that there is some dissolution of ITO 
because the counter ion for [Ru(bpy)3]2+ is Cl-. The presence of Cl- and H+ from 
dissociation of phthalic acid is reported to break the bond between indium and oxygen, 
which then starts the ITO etching process 298. 
Results for the SBA-16 sample before surfactant removal with [Ru(bpy)3]2+ were similar 
to those in FcMeOH. There is no indication of redox processes occurring in uncalcined 
samples using either probe. The sample after surfactant extraction (Figure 5-6) showed a 
remarkable change in peak position and shape. Peak positions for reduction and oxidation 
of ruthenium complexes were shifted to a lower potential, suggesting that in the presence 
of calcined SBA-16 thin film the ruthenium complexes were more easily oxidised or 
reduced. It is known that the silica surface, which has an IEP of about 2-3, thus bears 
negative charges at pH 4. It is thought that these negative surface charges may have 
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encouraged the permeation of electrochemical probes through the film via favourable 
electrostatic interactions.  
However, it is suggested that the strange shapes of the responses after calcination may 
result from resistance the permeability of redox species through the thin film. As 
mentioned in the introduction, SBA-16 powder has pores with an average size of ~7.4 nm 
43,44
. The main pores are interconnected via smaller pores with a diameter of ~ 2 nm 43,44. 
SBA-16 thin films are reported to have strange voltammetric shapes, indicating stronger 
resistance to mass transport 85. The restriction of pore size is assumed to be even greater 
due to the contraction effect of the thin film upon drying and calcination 262,267 (see 
section 4.3.5). Therefore when the [Ru(bpy)3]2+ redox probe  (1.1 nm in diameter 85) 
diffuses into the SBA-16 film, some of it succeeds in penetrating the underlying structure, 
while some only sits at the aperture. The molecular size of FcMeOH is much smaller 
(FcMeOH: 0.45 nm diameter 85); therefore it diffuses more readily between pore cavities. 
 
 
 
Figure 5-6: Cyclic voltammograms recorded in 0.05 M potassium phthalate buffer 
solution (pH 4) containing 50 µM [Ru(bpy)3]2+ at 0.05 V/s for bare indium tin oxide 
(ITO), uncalcined SBA-16 and calcined (500 oC for 10 min) SBA-16. All SBA-16 thin 
films were grown onto ITO substrate as working electrode. 
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Electrochemistry of Potassium Iodide 
Potassium iodide is a strong electrolyte in aqueous solution which dissociates into 
potassium and iodide ions. Potassium iodide behaves as a simple ionic salt (K+I-) but on 
oxidation forms a complex ion I3-. The reaction of 3I-(aq)           I­(aq)+ 2e-(aq), allowing the 
iodine to be used in aqueous solutions for redox species.  
Figure 5-7 shows the CV curve for potassium iodide in 0.05 M KHP solution with bare 
ITO as working electrode. There is a very large peak separation (> 2 V)85 compared to an 
ideal reversible electron transfer system (59 mV 178). This shows that the iodide system 
using ITO as an electrode is not a reversible process85. The uncalcined sample (Figure 5-
8) did not show any faradaic current response, as also observed with the other redox 
species (FcMeOH and [Ru(bpy)3]2+ systems). This set of results confirms that the 
uncalcined thin film sample prevented the electrolyte from reaching the surface of the 
underlying ITO electrode. The background current comes from the dissolution of ionic 
species in the surfactant, which give some conductivity. 
 
 
Figure 5-7: Cyclic voltammograms recorded in 0.05 M potassium phthalate buffer 
solution (pH 4) containing 0.5 mM KI at various scan rates with bare indium tin oxide 
(ITO) as working electrode. Electrode area = 0.385 cm2. 
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Figure 5-8: Cyclic voltammograms recorded in 0.05 M potassium phthalate buffer 
solution (pH 4) containing 0.5 mM KI at 0.05 V/s scan rate for the following working 
electrode; Blue line: bare indium tin oxide (ITO), black line: uncalcined SBA-16 and red 
line: calcined (500 oC for 10 min) SBA-16 thin films. All SBA-16 samples were grown 
on ITO substrate. 
 
The calcined sample (Figure 5-8) showed oxidation and reduction peaks, but these were 
associated with very low current compared to bare ITO. The calcined SBA-16 film 
behaved as barring membrane for iodide from reaching the underlying electrode. This is 
possible because; 1) part of electrode has been covered by silica and 2) the experiments 
were performed at pH 4 and at these conditions, thin film silica framework will bear a 
negatively charge. It is suggested that such a limitation causes the anionic redox species 
to undergo an electrostatic or sieving effect, preventing them from easily reaching the 
electrode surface. Therefore the peak current observed for the calcined sample was 
suppressed by the silica charge. However small peak current shows at 0.0 V and 0.5 V are 
peak for anion reduction and oxidation. This Oxy/Red peak current is closer compared to 
bare ITO. This is occur due to the presence of K+ witch is the counter ion for I- assumed 
to partially neutralise the surface charge inside the pore structure, thus reducing pore 
resistance by compressing the pore Debye length charge effect. Further discussions about 
this assumption were discussed in Chapter 6 Section 6.3.8. 
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5.3.2. Indium tin oxide (
The CV distortion for ITO can b
marked as red arrow). The increase in peak separation with scan rate 
the potential drop between the voltage source and the electrode /solution interface. Since 
all applied potentials experienced this lag, the current peaks were shifted to more extreme 
potentials at higher scan rates. In o
evaporated onto ITO. The detail of gold evaporation process 
Section 3.2.4. The CV
 
Figure 5-11 shows a comparison between mo
ITO electrodes. The peak separations for commercial gold (67 ± 1 mV) and ITO
film (71 ± 2 mV) electrodes were comparable and these values are quite close to the ideal 
one for the reversible redox system (59 mV
separation for the bare ITO (117 ± 6 mV) was significantly higher. Moreover, the 
faradaic current for both oxidation and reduction was lower in gold
or modified gold-ITO electrodes. 
 
Figure 5-9: Cyclic voltammograms 
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Figure 5-10: Cyclic voltammograms for indium tin oxide (ITO) after evaporated with 
gold film (ITO-gold) at various scan rates (V/s). The electrolyte contains of 500 µM 
FcMeOH in 0.05 M potassium phthalate buffer solution (pH 4). Electrode area = 0.385 
cm2.   
 
Figure 5-11: Cyclic voltammograms recorded in 500 µM FcMeOH with 0.05 M 
potassium phthalate solution (pH 4) as buffer. Cyclic voltammograms showed a 
comparison between modified electrodes. Red line = commercial gold electrodes, green 
line = bare indium tin oxide (ITO) and blue line = ITO with a layer of gold film. Cyclic 
voltammograms recorded at 0.05 V/s scan rate. 
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Table 5-1: Apparent diffusion coefficient and peak separation for indium tin oxide (ITO) 
and glass slide modified with evaporated gold film. 
Working Electrode 
Average apparent 
Diffusion coefficient (× 10-6 
cm2/s) 
Average peak 
separation (mV) at scan 
rate of 0.05 V/s 
Standard gold commercial  5.12 ± 0.04 67 ± 1 
Bare ITO 1.89 ± 0.06 117 ± 6 
ITO-gold film 4.8 ± 0.1 71 ± 2 
Glass Gold film Easy to peel off from glass substrate 
Glass-Cr-gold 6.7 ± 0.4 70 ± 2 
 
Table 5-1 shows that samples based on ITO had lower apparent diffusion coefficients 
than commercial gold or glass-Cr-gold. Ideally, the diffusion coefficient, D, is a factor of 
proportionality representing the amount of substance diffusing across a unit area through 
a unit concentration gradient in unit time and as such should be independent of electrode 
material 299. Here, in ideal conditions, the same analyte solution should give the same 
diffusion coefficient. This is true in experiments using a very good conductor. However, 
for semiconductors such as ITO, the potential drop across the solid means that less 
current (Ip ) will flow, leading to lower apparent D values. 
Evaporation of a gold layer onto ITO improved the charge transport properties. Similar 
results are reported by Zudans et al., who studied hybrid ITO-gold film using Fe(CN)63- 
as a redox probe 300. These results demonstrate that adding a layer of gold on top of ITO 
improved its properties, but this method is relatively expensive. The ITO itself is 
expensive (~75 pence per 22 × 22 mm slide 281) and becomes more expensive with the 
addition of a layer of gold.  
 
The glass-gold electrode (Figure 5-12) was prepared by evaporating a gold layer with 
and without an underlying chromium layer. The CV for glass-Cr-gold recorded in 500 
µM FcMeOH with 0.05 M KHP (pH 4) is shown in Figure 5-12. The gold film without 
chromium was easily peeled off and difficult to use as an electrode in electrochemistry 
experiments. The addition of chromium adhesion layers made the gold film on glass easy 
to handle. Glass-Cr-Gold film gave a very good CV and the peak pattern was similar (in 
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separation and position) to that of the commercial gold electrode, with the diffusion 
coefficient found to be D = 6.7 ± 0.4 × 10-6 cm2/s. This suggests that glass-Cr-Gold film 
is a good candidate for use as an electrode instead of using pure solid gold or ITO and 
can reduce the cost of such experiments. Silica mesostructures such as SBA-16 thin film 
can be grown on the gold film and by employing the electrochemistry method, this film 
can be characterized. The electrochemical properties of SBA-16 porous silica thin film 
grown on evaporated gold are further discussed in (Chapter 6).  
 
 
Figure 5-12: Cyclic voltammograms for evaporated glass-Cr-gold film as working 
electrode. The electrolyte contains of 500 µM FcMeOH in 0.05 M potassium phthalate 
buffer solution (pH 4). The experiments were recorded at various scan rates (0.05 to 1.5 
V/s). 
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5.4. Conclusion  
The electrochemical characteristic of ITO modified thin film silica (SBA-16) electrode 
was observed by measuring the current response of the electrodes with using neutral, 
cationic and anionic electroactive redox active species. From the permeability study of 
neutral redox probe, it was showed that the silica thin film modified electrode had void 
space of 11% from total electrode area. Other part of modified electrode had been 
covered by porous silica and only this space remained available for electrochemical 
activity.The electrochemical signal were found to be increased for cation ([Ru(bpy)3]2+) 
redox probe while the anion (I ) redox probe decreased as the pH values increased. This 
was due to the surface charge of silica become more negative as away from isoelectric 
point (IEP = pH2). Indeed, negative charge silica surface act as permerselective barrier 
likely to exclude anion partially and or as accumulation medium likely to concentrates 
cations. The results also demonstrate that by adding a layer of gold on top of ITO 
improved its conductivity but this method is relatively expensive.  Alternatively, the 
Glass-Cr-Gold film electrode shows quite silimar voltammetry behaviour to commercial 
gold electrode.  
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6. CHAPTER 6: ELECTROCHEMICAL STUDY FOR SBA-
16 GROWN ON EVAPORATED GOLD FILM 
SUBSTRATE 
Chapter Objective 
1. To synthesize SBA-16 porous silica thin film via dip-coating technique, onto 
evaporated gold film electrode using triblock co polymer (Pluoronic F127) as 
template. 
2. To study the silica film pore accessibility and estimations of active area using 
ferocine methanol as redox active species. 
3. To observe SBA-16 thin film surface charge by 1) permeate through the neutral 
cationic and anionic redox active species, 2) varying the electrolyte ionic strength 
and 3) varying the pH of electrolyte solution. 
4. To confirm the thin film structure pore orientation by gold electroless deposition 
and platinum electrodeposition.  
6.1. Introduction 
Indium tin oxide (ITO) sometimes called conducting glass, has become a popular choice 
for the preparation of thin film materials. However ITO gives less ideal behaviour in 
electrochemical experiments due to its semiconductor properties 282,283.  The 
disadvantages of ITO have been discussed in Chapter 5 Section 5.3.2. In this chapter, 
evaporated gold on glass was used as substitute for the ITO substrate, in which SBA-16 
porous SBA-16 silica thin films were grown. Gold is used because; gold is a very good 
conductor and is resistant against almost all acids. Only aqua regia, a mixture of 
hydrochloric acid and nitric acid, can dissolve it.  
The SBA-16 porous thin film growth on gold film was then characterised using the low 
angle X-ray diffraction method and GISAXS to confirm the structure arrangements. The 
permeability and votammetric response of the hybrid electrode was investigated using 
electrolyte solutions of neutral, cationic and anionic redox species at different pH. For 
comparative purposes, a gold commercial electrode was used. Attempts were also making 
 
Chapter 6                                                           SBA-16 on evaporated gold film substrate 
180 
 
to reduce gold (electroless-deposition) and platinum (electro-deposition) inside the silica 
cavities to copy the 3D structure of thin film template.  
6.2. Experimental 
6.2.1. Chemicals and reagents 
The chemicals and reagens were similar to the Chapter 5 section 5.2.1 plus KCL which 
was purchased from Sigma-Aldrich 
6.2.2. Mesoporous thin film preparation 
Mesoporous SBA-16 thin film preparation has previously discussed in Chapter 4 section 
4.2.3. 
6.2.3. Evaporated gold film preparation  
Clean glass slides (refer Chapter 4 Section 4.2.2) were first evaporated with a 3 nm layer 
of chromium in the evaporation chamber at 1.0 × 10-7 bar. The evaporation method and 
setting are discussed in detail in Chapter 3 Section 3.2.4. Pure gold was then evaporated 
until the quartz crystal microbalance probe 301 positioned in the centre of the evaporation 
stream indicated that 20 nm thickness film had been deposited. The gold was evaporated 
immediately after the chromium without removing the sample or exposing it to the air. 
This is critical, because if chromium is exposed to air, its surface will oxidise to form 
chromium oxide, which has reduced adhesion properties 302. Once the samples had 
reached the required thickness, the evaporation process was stopped by rapidly reducing 
the applied voltage. The evaporation chamber was then slowly brought up to atmospheric 
pressure and the samples were removed from the evaporation holder and kept at 
atmospheric pressure in a capped container. 
Figure 6-1 shows samples of the evaporated gold thin film (glass-Cr-Au) and the 
chromium film (glass-Cr). The gold film was prepared by evaporating pure gold onto a 
thin layer of chromium, which was required as an adhesion layer 303,304; without it, the 
gold film would peel off easily and would be difficult to exploit practically as an 
electrode. The addition of a 3 nm layer of chromium prior to gold evaporation allowed 
the gold film to adhere strongly to the glass. The metallic yellow colour of gold was 
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apparent after the gold had been evaporated, while without it the chromium layer had a 
metallic grey appearance.  
Figure 6-1: Photographs of A: evaporated gold film 
(glass-Cr-Au, sample dimension: 25 mm 
(glass-Cr, sample dimension: 25 m
 
6.2.4. Electro and electroless deposition
The purpose of electro/less deposition was to grow a metallic framework which would 
copy the structure of silica template (porous silica SBA
upon removal of the silica a frees
be obtained. Electroless deposition was carried out at room temperature using AuCl
the limiting reagent. In the present study, the gold (III) chloride trihydrate 
(HAuCl4.3H2O) was used as the gold
reducing agent 305,306. Hydrochloric acid was added to the solution to obtain the required 
acidity (pH 3) of the solution; an excess concentration of reduction agent 
used to ensure all gold ions were reduced 
The concentration of go
HCl (0.8 mM). The mixture was gently stirred for 10 minutes in the presence of the 
porous SBA-16 sample grown on evaporated gold. The sample was then rinsed 
thoroughly with deionised water and d
-16 on evaporated gold film substrate
 
with chromium as adhesion layer × 25 mm) and B: evaporated chromium film 
m × 75 mm). 
 
-16 thin film). It was hoped that 
tanding porous metallic film with a 3D structure would 
 source while hydroxylamine (NH
307
.  
ld ions was fixed at 0.17 mM and that of NH
ried at room temperature for further use. 
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In the electrodeposition process, the porous SBA-16 silica film was exposed to the 
electrolyte solution by setting it as the working electrode. Ag/AgCl in saturated KCl and 
platinum gauze were used, respectively, as the reference and counter electrodes. The 
reduction was achieved by applying a constant potential of -1.5 V for 2 hours in the 
presence of a [Pt(NH3)4]2+ complex (2 mM) and KCl electrolyte (0.05M) at pH 4. The 
voltammetric response of this complex in aqueous solution has been reported previously 
308,309
. 
6.2.5. Electrochemical experiments 
Electrochemical experiments were performed using cyclic voltammetry (CV) with a 
standard three-electrode cell as previously discussed in Chapter 5 section 5.2.4. The 
working electrodes were either bare ITO, bare evaporated gold film or SBA-16 thin film 
grown on evaporated gold film. The aboved mentioned electrode had nominal electrode 
area of 0.385 cm2. A standard commercial gold electrode with electrode area of 0.0314 
cm2 had used for reference experiments. A platinum gauze wire was used as the counter 
electrode, with Ag/AgCl in saturated KCl as the reference electrode. The experiments 
were run in a cell made in-house, as shown in Chapter 2, Figure 2-16.  
6.3. Results and discussion 
6.3.1. Surfactant Removal 
Fabrication of the porous SBA-16 silica thin film involved the use of a surfactant as a 
structure directing agent and silica as the inorganic source. The detailed surfactant 
removal methods were discussed in Chapter 4 Section 4.3.2. To summarise, the heat 
treatment (calcination or burn-off) method was used to remove surfactant from bulk 
materials. Surfactant extraction via calcination gives excellent results in ITO samples, but 
it was found to be inadequate for a gold film substrate. Figure 6-2 shows an SBA-16 
sample which was grown on gold film and calcined at 500 °C at 1°/min for 10 min.  
 
As shown in Figure 6-2, the evaporated gold film, which was uncoated with SBA-16 
mesostructures (Figure 6-2 A) changed in colour from metallic yellowish to light pink. 
The gold film was very easily removed by merely touching the sample, which left a 
clearly visible fingerprint. The area which was coated with SBA-16 thin film had a very 
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clean appearance, but scr
Therefore, the alternative method of ethanol extraction was used to remove the surfactant, 
as shown in Figure 6
It is reported that solvent extraction is a mild and efficient method of remo
without adverse effects on the silica structure 
surfactant can be removed effectively by ethanol extraction for 48 hours at 35°C. The 
silica film after surfactant removal by ethanol extraction looked similar to the film before 
treatment and the gold film adhered strongly to this substrate. 
Figure 6-2: Photographs of 
°C for 10 min (1 °C/min). A: Fingerprint mark and B: Fingerprint and scratch mark. 
Sample dimensions are 25 mm 
 
The procedure disclosed in this work was to use only ethanol for extraction, instead of 
ethanol with acid 310
extracting agent to improve the cross
-16 on evaporated gold film substrate
atching with a fingernail was sufficient to peel off the film. 
-3.  
29
. In Chapter 4
 
SBA-16 thin film dip-coated on gold film and 
× 75 mm 
.  Small amount of acid (e.g. hydrochloric) were added to the 
-linkage of frameworks and to minimize the effects 
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ving surfactant 
, it was reported that 
 
calcined at 500 
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on mesostructures.  However the presence of acid oxidized the underlying chromium and 
the gold film electrode was easily peeled off after surfactant removal treatments.
Figure 6-3: Photographs of 
extraction treatments. B: after ethanol extraction
dimensions are 25 mm 
6.3.2. X-ray diffraction 
Powder XRD is a common X
materials. At a low angle, (lower 2
corresponding to structure separations on the mesoporous scale 
The application of this technique in characterisations of thin films has been discussed in 
detail in Chapter 4 Section
evaporated gold film substrate which was deposited on glass with a thin layer of 
chromium (3 nm) as adhesion layer. Apart from that, the small angle X
(SAXRD) is used to observe the mesoporous character of the evaporated gold and SBA
16 deposited on it.    
-16 on evaporated gold film substrate
 
SBA-16 thin film dip-coated on gold film. A: before ethanol 
 (48 hours at 35 °C× 75 mm. 
characterization 
-ray diffraction technique for characterizing periodical 
θ value), it is possible to observe the diffraction 
223
 4.3.3. Here, the XRD technique was used to characterise the 
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Gold evaporated film 
Figure 6-4 compares the wide angle XRD diffraction patterns of glass-Cr-Au, glass-Cr 
and a glass slide. As expected, the glass slide caused no significant diffraction, nor did 
glass with a thin layer of chromium (3 nm). A plausible explanation is that the glass slide 
was amorphous, while the Cr layer, although clearly visible (Figure 6-1), was too thin to 
have a diffracting signal. The diffraction pattern of gold film was further analysed and 
fitted with XRD software (X’Pert HighScore Plus X-ray), as shown in Figure 6-5. 
 
Figure 6-4: X-ray diffraction (XRD) patterns for glass-Cr-Au (black line), glass-Cr (red 
line) and plain glass (dotted blue line). 
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Figure 6-5: X-ray diffraction (XRD) 
onto glass with assigned gold fitting
X-ray software.  
The observations illustrated in 
evaporation were preferentially deposited in the (111) direction 
occurred in other lattice planes, but in lower counts. Apart from high an
the evaporated gold film was analysed by low angle XRD to determine the existence of 
mesostructure properties 
that the gold film does not influence the SBA
is shown in Chapter 4 
samples were turned to the required angle, 
sample at the desired 
a specific ω. Figure 6
Cr-Au at different beam angles, whilst its peak list is tabulated in 
Counts 
-16 on evaporated gold film substrate
patterns for evaporated gold film (20 nm thickness) 
 and Miller indices using the X’Pert HighScore Plus 
Figure 6-5 show that the gold grains resulting from 
223
. It is worth to confirm the structure
-16 mesoporosity.  The experimental setup 
Figure 4-11. During experiments, the evaporated gold film 
ω, allowing the X-
ω. By this technique, it is possible to observe the film diffraction at 
-6 shows the small angle diffraction (SAXRD
Table 6
Position 2θ/o 
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311
. Deposition also 
gle XRD analysis, 
 of gold film to ensure 
ray beam to strike the 
) obtained from glass-
-1. 
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Figure 6-6: Small angle X-ray diffraction (SAXRD) pattern of glass-Cr-Au at different 
beam angles ω (0° to 180°). 
Table 6-1: Small angle X-ray diffraction (SAXRD) peak list for glass-Cr-Au obtained 
from diffraction pattern in Figure 6-6. 
 First Peak Second Peak 
Sample 
position, ω (o) 
Position 
(2θ/o) 
d-spacing 
(Å) 
Position  
(2θ/o) 
d-spacing 
(Å) 
0, 30, 120, 150 
and 180 
0.9 92 - - 
60, 90 0.9 92 1.5 60 
 
Position (2θ)/deg
C
o
u
n
ts
30o
0o
60o
120o
90o
180o
150o
(2θ = 0.9o)
(2θ= 1.5o)
2 4 6
Position (2θ/o) 
Counts 
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SAXRD observations in Figure 6-6 and the analysis in Table 6-1 shows the evaporated 
gold film had mesostructure characteristics, as the first peak appeared at 2θ = 0.9o with d-
spacing of 92 Å. This peak was observed at all sample positions. However, the first peak 
area was broad, while the second peaks were observed at ω of 60o and 90o sample 
positions with 2θ = 1.5o and with very weak peak intensity. The definition of a crystal 
lattice is based on the concept that the environment of all points is identical but it can also 
relate to a sub-domain structure, for instance the mean distance between structures 
separation 223. Therefore the SAXRD pattern for gold film at low angle has indicates the 
mean distance (d-spacing) of gold grains which was deposited on the glass. The d-
spacing results shows, gold grain size in a range of mesosize.  
X-ray diffraction of SBA-16 porous film grown on evaporated gold after surfactant 
removal (Figure 6-7) verified that the silica film prepared had mesoporous 
characteristics, with the first peak appearing at an average 2θ value of less than 2o. 
Basically, the diffraction pattern showed 3 peaks, at 2θ of 0.4o, 0.9o and 1.3o correspond 
to d-spacings of 216 nm, 104.2 nm and 68 nm respectively. Figure 6-7 shows that the 
peak for gold film is very distinct from the diffraction pattern for sample after surfactant 
removal (ethanol extraction). This is because the shape and position of the peaks for the 
evaporated gold film were completely different.  
Principally, self-assembled mesostructured thin films are not crystalline, the X-ray 
diffraction occurs due to the periodic contrast in electron density between the amorphous 
frameworks and pores 27. The indexing suggested by Shi et al. 258 on SBA-16 thin film is 
less reproducible due to mono-orientation and surface contraction, however the 
diffraction resulted presented here still give an indication that a structured materials has 
grown on the gold film. There are three resolved Bragg peaks observed from 1D SAXRD 
diffraction with 2θ less than 6o. Here, GISAXS was employed as an alternative method to 
characterise the thin film. (Detailed discussion is in Chapter 4 Section 4.3.4). 
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Figure 6-7: Small angle X-ray diffraction (SAXRD) patterns for evaporated gold film 
onto glass and SBA-16 thin film grown onto gold film after ethanol extraction (48 hours 
at 35 oC). Both samples sample were positioned at ω = 0° angle. 
6.3.3. Commercial gold electrode, indium tin oxide and gold film electrode. 
Figure 6-8 shows the CV response for 500 µM FcMeOH in 0.05 M potassium phthalate 
buffer solution (pH 4) using a commercial gold electrode at various scan rates. The CV 
presented here is a typically reversible FcMeOH redox process85. At an appropriate 
potential (EoAg/AgCl = 0.203 312) FcMeOH will oxidise as in the following equation. 
FcMeOH(aq)   FcMeOH+(aq)  +   e-   Equation 6-1  
 
The reversible redox couple (at 25 °C) can be identified by the Randles-Sevčik equation 
and associated Randles-Sevčik plot313. The gradient of the linear Randles-Sevčik plot can 
be employed to determine the diffusion coefficient D. In Figure 6-8B, the current versus 
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square root of scan rate for the commercial electrode shows a very linear correlation with 
R2 = 1.00 and D = 5.12 ± 0.04 × 10-6 cm2/s (literature = 6.4 × 10−6 cm2/s on a disc 
microelectrode 228).  
 
 
Figure 6-8: Cyclic voltammograms for commercial gold working electrode in 0.05 M 
potassium phthalate buffer (pH 4) and 500 µM FcMeOH. A: Cyclic voltammograms 
recorded at various scan rates (0.05 to 1.5 V/s) and B: Inset is the corresponding Randles-
Sevčik plot. 
Distortion of the CV arises from poor sample conductivity as in ITO was not observed in 
Figure 6-8, because gold electrodes have superior conductivity. The ratio of oxidation 
current (Iox) to reduction current (Ired) is ≅ 1 at all scan rates, which shows that the 
oxidation and reduction processes were equally distributed for the gold commercial 
electrode. For the above reasons these systems can be considered to be reversible 178,  
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Figure 6-9: Cyclic voltammograms 
0.05 M potassium phthalate buffer 
recorded at 0.05 to 1.5 V/s. Inset is the 
 
Figure 6-9 shows a typical CV for FcMeOH as was observed with the gold commercial 
electrode but the CV peak separations (E
scan rate. Principally, as the electrode is m
transport’ through it will usually be extremely fast. Indeed, electron transfer is considered 
to be instantaneous relative to the rate of mass transport of analyte to and from the 
working electrode. The evaporated g
gold (20 nm) on a surface of chromium (3 nm) as adhesion promoter. This combination is 
reported to form an alloy, AuCr
from a pure gold electrode. It also reported by Weinman 
Cr-gold thin film is low for thin 
nm) has been deposited 
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Figure 6-10: Graph of cyclic voltammograms peak separation (Eox - Ered) versus scan 
rate for commercial gold and evaporated gold film electrodes. The electrolyte solution 
contains 500 µM FcMeOH in 0.05 M potassium phthalate buffer (pH 4). 
 
The Randles-Sevčik plot for gold evaporated film shows a very linear correlation (R2 = 
0.9999).The redox peak separation showed an obvious distortion by as much as 55 mV, 
from 70 mV at 0.05 V/s to 125mV at 1.5 V/s (Figure 6-10) while the commercial gold 
electrode fairly shows a separation independent of scan rate (average of 68.5 mV). These 
results suggested the chromium diffusion  into the evaporated electrode had changed the 
gold properties 302. Weinman et al. has reported higher resistant when Cr is used to 
produced thin film of gold 302.  
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Figure 6-11: Comparison of cyclic voltammograms for evaporated gold film and 
commercial gold electrodes at 0.05 V/s. The electrolyte solution contains 500 µM 
FcMeOH in 0.05 M potassium phthalate buffer (pH 4).  
 
Figure 6-11 shows the CV for bare evaporated gold film and commercial gold electrodes 
at 0.05 V/s scan rate. It is clear that the evaporated film developed more current than the 
commercial electrode. The same trend can be observed at higher scan rates (Figure 6-12). 
It is suggested that the commercial gold electrode surface is be very smooth and flat. This 
is because the electrode has been polished with diamond spray and sonicated with 
deionised water for 15 minutes before any electrochemical experiments. Meanwhile, the 
evaporated gold presumably had a rougher surface, since it resulted from condensation of 
evaporated gold onto a thin layer of chromium. This roughness will increase the surface 
area and thus the redox-active surface, slightly increasing the faradaic current. Thus, the 
increments in the faradaic current were relatively small (~ 10.5 %). 
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Figure 6-12: Faradaic current (oxidation peak) versus scan rate for evaporated gold film 
and commercial gold electrode.  The electrolyte solution contains 500 µM FcMeOH in 
0.05 M potassium phthalate buffer (pH 4). 
 
6.3.4. Sample variation: Porous SBA-16 silica electrode 
Before proceeding to further discussion on the electrochemical results, let first consider 
the variation of current observed between samples. In Figure 6-13, the faradaic current 
for oxidation is varied from 1 µA to 9 µA at the same scan rates (0.05 V/s) but using 
different porous silica samples. There are factors that contribute to this result variation in 
this project. 
Since the faradaic current is proportional to the active area, therefore, it is suggested that 
the variation seen corresponds to opened pore area on the surface of the electrode and the 
film thickness. The open pore is depending on how efficient surfactant is removed from 
silica cavities, it represents a barrier to the redox probe to diffusing through the porous 
film. 
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Figure 6-13: Faradaic current for oxidation of 500 µM FcMeOH in 0.05 M potassium 
phthalate buffer solution (pH 4)  at 0.05 V/s versus different porous SBA-16 thin film 
sample grown on evaporated gold.  
 
It is known that calcinations are the best method to remove surfactant entirely but it was 
not suitable in our case (SBA-16 on evaporated gold). Ethanol is used as solvent and the 
temperature is control at 35 oC throughout the process. It is concluded that was a trace of 
surfactants remaining in the silica cavities which might block part of the silica cavities 
(refer to Chapter 4 Section 4.3.2).  
The pull rate or withdrawal rate is a critical factor that determines the film thickness via 
the dip coating method 80. The faster the pull rate, the thicker the film will be 85. In this 
study, a pull rate was fixed at 1 mm/s and the film was kept in the dip-coating container 
for another 10 min after the coating process to allow the thin film to exist in the same 
environments when it was dry. The film thickness has shows variation about 15 % (refer 
to Chapter 4 sections 4.3.1). Thicker film will be increased the pore resistance by 
slowdown of the diffusion process. The variations in surfactant removal and film 
thickness from sample to sample are presumed to be responsible for the variation seen in 
current between samples as in Figure 6-13.  In summary, the variation in surfactant 
removal and film thickness from sample to sample are presumed to be responsible for the 
variation seen in current between samples. However, since the thin film is made from the 
same materials, the electrochemical response towards redox probe will be similar for each 
sample.  
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Figure 6-14: Cyclic voltammograms for porous SBA-16 electrode grown on evaporated 
gold film recorded at 0.05 to 1.50 V/s. The electrolyte solution contains 500 µM 
FcMeOH in 0.05 M potassium phthalate buffer (pH 4). Insert is the Randles-Sevčik plot. 
 
Figure 6-14 shows the cyclic voltammetry for the SBA-16 electrode grown on 
evaporated gold film recorded from 0.05 V/s to 1.50 V/s, in a solution of 0.05 M 
potassium phthalate (pH 4) and 500 µM FcMeOH. In this figure, there are two clearly 
separate peaks corresponding to the reduction and oxidation of FcMeOH. The peak 
current is scan rate dependent, and the peak shape altered from a lower to a higher 
background. In other words, the background current rose as the scan rate increased. The 
presence of the silica structure over the conductor must have altered the electrode 
properties. The Randles-Sevčik plot for gold evaporated film shows a reasonable linear 
correlation with R2 = 0.97 and thus consider the system is seem considered to be 
diffusion dependent. 
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The current flow at an electrode during an electrochemical reaction is by definition, the 
rate of charge flow, as in Equation 6-2 
u = b®b           Equation 6-2 
 
In the case of the porous silica electrode, the conductor was made from evaporated gold 
film on a very thin layer of chromium. The electron movement through this electrode was 
slightly slower than through pure gold. A distorted CV was observed for bare evaporated 
gold film and therefore the same effect was expected on porous silica (Figure 6-15). 
However the FcMeOH has to permeate through the porous SBA-16 thin film and undergo 
the redox process in very narrow silica channels. The transport process will be affected 
by the charge on the silica cavities. Finally, the movement of electron across the interface 
will depend on the available active area of the underlying electrode.   
Figure 6-14 shows that the redox peaks became flatter during oxidation but remained 
bell-shaped as the scan rate increased. Due to the experiments were run at pH 4, which is 
above the isoelectric point of silica, the silica surface will be negatively charged and this 
affects the redox transport properties. During oxidation, FcMeOH will lose one electron 
(Equation 6-1) to become FcMeOH+. Once FcMeOH has been oxidised, it will 
spontaneously move away and be attracted to the negative charge of the silica surface. 
Because the system is no longer in equilibrium, this will attract more neutral FcMeOH to 
be reduced from the bulk electrolyte. The accumulation of FcMeOH in silica cavities has 
reported by  Etienne et al. 85. That is why no obvious peak observed especially at higher 
scan rates in oxidation peaks. On contrarily, when the voltage was swept to the negative 
potential, the FcMeOH+ was reduced abruptly at a specific voltage and remained in 
equilibrium with neutral species. This action has developed maximum point (peak) at 
specific voltage for FcMeOH+ to be reduced. 
The Randles-Sevčik plot for porous silica (Figure 6-14 insert) was taken from the 
oxidation peak. The peak maximum was taken to lie at the point on the graph between a 
changing gradient and a straight line. This plot showed a very good correlation between 
faradaic current (Ip) and square root of scan rate (¯=>), with R2 = 0.99. The lower gradient 
(1.42 × 10-5) in the Randles-Sevčik plot reflects the lower effective area of porous 
system.  
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Figure 6-15 compares the CV before surfactant removal and surfactant removal with 
evaporated gold film. Before surfactant extraction, no significant oxidation or reduction 
peak for FcMeOH species was observed. The current response in this case comes from 
charge transport through surfactant filled pore where ions such as H+ and Cl-  used in the 
sample preparation impart a little conductivity to the as-synthesized film. The same effect 
was observed for uncalcined SBA-16 grown on ITO substrate, as discussed in detail in 
Chapter 5 Section 5.3.1. By comparing the background current for as synthesized (5.07 × 10-6 Acm-2) with the redox current for bare electrode (7.82 × 10-5 Acm-2), it was 
estimated that the uncalcined sample blocked almost 94 % of the current from reaching 
the underlying electrode.  
 
Figure 6-15: Cyclic voltammograms recorded in 0.05M potassium phthalate buffer 
solution (pH 4) containing 500 µM FcMeOH at 0.05 V/s. The electrode uses are 
evaporated gold film, porous silica film (SBA-16 after ethanol extraction) and as-
synthesized SBA-16 silica film. Inset is the magnification of cyclic voltammograms for 
as-synthesized silica film. 
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The Randles-Sevčik equation (Chapter 2 Section 2.10.1) implies that the faradaic current 
Ip is proportional to the active area (Ip α Area). Therefore, the film porosity can be 
estimated as the fraction of void area (active electrode area) on the electrode to the total 
electrode area. Assuming that other relevant parameters are constant, this is given by 
Equation 5-2.  
From Equation 5-2          = }s} = usu      
Iv is the current obtained from the porous electrode and It is the current obtained from the 
evaporated gold film. At a scan rate of 0.05 V/s; the faradaic current   = 4.01 × 10-6 A 
and ? =3.02 × 10-5 A. 
usu = w. a 
}s°(w. )f = w. a 
}s = w. w tmf 
Therefore, the estimated active electrode area for the SBA-16 thin film electrode was 
0.05 cm2, equivalent to an 87 % reduction from that of the bare evaporated gold film. It 
was estimated that the open area fraction was ϕ = 0.13. This result was similar to the 
result obtained from modified porous silica grown on ITO (ϕ = 0.11). As suggested, the 
active area was reduced by the presence of the silica structure, which left a small 
proportion of the electrode surface exposed to the electrolyte. Apart from that, the low 
faradaic current could also be due to the mesosize and 3D arrangements of the pore 
structure, providing resistance to the permeability of redox species into the silica cavities. 
Redox active species were therefore restricted in reaching the underlying electrode, i. e. 
evaporated gold film.  
6.3.5. Porous SBA-16 silica washing durability 
This section reports the repeated washing of the porous silica electrodes to determine 
their durability. The consistency of the results provides evidence for the washing 
durability of the sample. The CV properties were observed by the use of FcMeOH as 
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redox probe. Initially, the newly prepared porous silica electrode was rinsed thoroughly 
with water, and then allowed to dry for 15 min. A CV was then run for the first time for 
that particular sample. The washing experiment was done using deionised water as the 
washing solvent. As before, a newly prepared sample was used for the first time after 
being rinsed thoroughly with water and allowed to dry for 15 minutes at room 
temperature. After the first measurements the sample was then rinsed thoroughly with 
deionised water and dried at room temperature for 15 minutes, before the CV was 
measured again at 0.05 V/s. This second procedure was repeated for 18 runs. The CVs 
from all 19 experiments are shown in Figure 6-16.  
 
 
Figure 6-16: Cyclic voltammograms recorded for 19 runs at a scan rate of 0.05 V/s, 
using a SBA-16 thin film after ethanol extraction (48 hours at 35 oC) as working 
electrode. The electrolyte solution contains of 500 µM FcMeOH in 0.05 M potassium 
phthalate buffer (pH 4). Ag/AgCl in saturated KCl was set as reference electrode.  
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Figure 6-17: Faradaic current of 500µM FcMeOH oxidation (black) and reduction 
(yellow) in 0.05 M potassium phthalate buffer solution (pH 4) against number of runs.  
 
Figures 6-16 show CV results for these 19 similar experiments, all plot were almost 
identical in position and shape for all runs.   However, from the plot of peak current 
versus number of runs (Figure 6-17), it is observed that current increased from the 1st 
scan to the 19th scan by the 8.5 % for oxidation and 50.7 % for reduction. 
Ferrocenemethanol (FcMeOH) was chosen as the electroactive species in this present 
study because it is a neutral species, soluble and stable, and because it undergoes a 
simple, well-defined, one-electron, chemically reversible electrochemical process315. This 
kind of species is supposed not to have any reaction with electrode substrates, but while 
this is true for smooth surfaces such as platinum or gold, it may not be true when there is 
a mesoporous silica structure on the conductor surface.  
The above results indicate there was slightly pre-concentration effect of cationic 
oxidation product from previous runs which were not completely removed by washing in 
water and presumably adsorbed on the silica surface. This observation is supported by 
Etienne et al.85 who report that porous silica material normally concentrates cationic 
species into its cavities in the event of repeated scans. This cation interacts favourably 
with the negatively charged silica matrix at pH >2, which is likely to increase its effective 
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concentration close to the electrode surface and facilitate the redox transformation of 
FcMeOH (by stabilizing the oxidation product) 85.  
6.3.6. Porous SBA-16 silica: The consistency of current versus number of scans             
Increasing the scan rate increases the faradaic current as expected. However, increasing 
the number of scans at a particular scan rate and observing the faradaic current can 
provide information about the properties of the substrate in relation to the redox probe 
used.   Therefore, in this study, the CV scan was repeated more than 50 times at one 
particular scan rate. The following figures show peak current versus number of scans at a 
constant scan rate.  
Figures 6-18 and 6-19 represent experiments at 0.01 V/s and 0.25 V/s respectively. It is 
observed that for each current measurement the standard deviation is no more than ± 0.3 
µA . These low standard deviations show that the current response of each cycle was 
quite reproducible but the plot gradient increased slightly with the number of scans. This 
is therefore proving that the redox pre-concentration occurred after each consecutive 
voltage cycle. This result is concurrent with the result in Figure 6-17. 
 
Figure 6-18: Faradaic current for porous SBA-16 at 0.01 V/s scan rate versus number of 
scans. The electrolyte solution contains of 500 µM FcMeOH in 0.05 M potassium 
phthalate buffer (pH 4). 
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Figure 6-19: Faradaic current for porous SBA-16 at 0.25 V/s scan rate versus number of 
scans. The electrolyte solution contains of 500 µM FcMeOH in 0.05 M potassium 
phthalate buffer (pH 4). 
 
 
Figure 6-20: Average faradaic current of 50 cycles for 500µM FcMeOH oxidation and 
reduction in 0.05 M potassium phthalate buffer solution (pH 4) at various scan rates. 
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Figures 6-18 and 6-19 represent experiments at 0.01 V/s and 0.25 V/s respectively. The 
Figure 5-20 shows the results for average current of 50 scan cycles for scan rate from 
0.05 V/s to 0.30 V/s. The current were increased with the scan rates as expected. It is also 
observed that for each current measurement the standard deviation is no more than ± 0.3 
µA . These low standard deviations show that the current response of each cycle was 
quite reproducible but the plot gradient increased slightly with the number of scans 
(Figures 6-18 and 6-19). This is therefore proving that the redox pre-concentration 
occurred after each consecutive voltage cycle. This result is concurrent with the result in 
Figure 6-17. 
6.3.7. Ionic strength study 
Potassium phthalate buffer (0.05 M), KHP, was used as a buffer to maintain an acidity of 
pH 4 for electrolyte solution. In water, KHP will dissociate completely into potassium 
cations (K+) and hydrogen phthalate anions (HP-). Hydrogen phthalate is a weak acid and 
reacts reversibly in aqueous systems to produce hydronium ions (H3O+) and phthalate 
ions. KHP also acted as a supporting electrolyte, if no other ions were present in the 
solution. The dissociation of hydrogen phthalate in aqueous solution is shown in 
Equation 6-3.    
HP-(aq) + H2O                      P2-(aq) + H3O+(aq)           Equation 6-3  
 
KCl was chosen as an extra supporting electrolyte because its constituents were already 
present in the solution: Cl- ions come from the HCl which was used during the 
preparation of the porous silica and K+ is the cation released from KHP dissociation. 
Therefore, no new ions were added to the electrolyte solution. Once again, FcMeOH was 
selected as the redox probe 316. The excess supporting electrolyte is known to 
significantly increase solution conductivity and consequently, decreases the ohmic 
potential drop that causes electrode potentials to depart from the value imposed by the 
electrochemical instrument. Moreover, excess electrolyte suppresses ion migration in 
solution, allowing purely diffusional transport of ions and molecules299,317. The effect of 
KCl concentration in the electrolyte solution was observed by employing commercial 
gold and porous silica modified Au as working electrodes. Figure 6-21 shows the CV of 
0.05 M KHP and 500 µM FcMeoH in 0.05 M KHP.  
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Figure 6-21 compares the CVs for KHP with and without FcMeOH in electrolyte 
solution using gold commercial as an electrode. The result shows that KHP does not 
interfere with the CV for FcMeOH, because no significant peak current for KHP is 
observed in the FcMeOH window. Figure 6-22 shows the CV response for FcMeOH at 
different KCl concentrations. The addition of supporting electrolyte at a concentration 
one hundred times greater than the concentration of analyte is the accepted ratio for the 
purpose of eliminating migration ratio 178. It was observed that the addition of KCl into 
FcMeOH with a commercial gold working electrode did not alter the CV (Figure 6-22) 
up to a KCl concentration of 0.05M.  
 
 
 
Figure 6-21: Cyclic voltammograms recorded at 0.05 V/s with a commercial gold 
electrode as working electrode. Purple line = in 0.05 M potassium phthalate buffer 
solution (KHP, pH 4) and blue line = in 0.05 M KHP (blue line) with 500µM FcMeOH. 
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Figure 6-22: Cyclic voltammograms recorded at 0.05 V/s scan rate with a commercial 
gold electrode as working electrode. The electrolyte solution contains of 500 µM 
FcMeOH in 0.05 M potassium phthalate buffer (pH 4) with various KCl concentrations. 
Inset is the offset of cyclic voltammograms response. 
The peak current for a reversible redox system at 25 °C can be expressed through the 
Randles-Sevčik equation313 and according to the equation, Ip increases with v1/2 and, this 
is directly proportional to redox probe concentration. The relationship becomes 
particularly important in the study of electrode mechanisms. The ratio of Ipa to Ipc should 
be close to one; however, if any reactions occur because of the addition of KCl the 
electrolysis process can significantly alter the peak current ratio. The peak ratio (Ipa/Ipc), 
diffusion coefficient D and peak separation at different KCl concentrations are shown in 
Table 6-2.  
The peak current for FcMeOH with KCl concentrations from 0 to 0.05 M at the same 
scan rate (0.05V/s) overlapped (Figure 6-23). Similar results were observed for other 
scan rates up to 0.60 V/s and the average diffusion coefficient for all KCl concentration 
was 5.9 ± 0.1 cm2/s. For that reason, in Table 6-2, the diffusion coefficient of FcMeOH 
also shows no significant difference with the alteration in KCl concentration.  
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Figure 6-23: Peak of faradaic currents for 500µM FcMeOH in 0.05 M potassium 
phthalate buffer solution (pH 4) with various KCl concentrations plotted versus square 
root of the scan rate. Commercial gold electrode was set as working electrode. 
 
Table 6-2: Apparent diffusion coefficient (cm2/sec), peak separation and Ipa/Ipc ratio for 
gold commercial electrode.  
KCl concentration 
(µM) 
Apparent diffusion 
coefficient (cm2/sec) 
Peak separation 
(Epa – Epc) / V Ipa/Ipc 
0 5.69 × 10-6 70 1.1 
5 × 102 6.05 ×10-6 70 1.1 
5 × 103 5.96 ×10-6 69 1.1 
5 × 104 5.71×10-6 70 1.1 
Average 5.9 ± 0.1 ×10-6 
 
The Ipa/Ipc ratio of 1.1 remained unchanged but was slightly higher than theory for the 
entire range of KCl concentrations applied. When the scan rate increased, the current 
response and peak positions (Epa and Epc) also remained unchanged. Considering all the 
above results, suggests that the addition of KCl in a range of 0 to 0.05 M does not 
improve the migration effect but shows similar results apply without additional KCl. In 
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other words, conductivity of solution does not improve with KCl addition and 0.05 M 
KHP was enough to give appropriate conductivity to the solution.   
6.3.8. Ionic strength study: Porous silica  
A similar ionic strength experiment to that conducted on the commercial gold electrode 
was applied to the porous silica modified electrode. There were several differences 
between these two electrodes. First, the electrochemically active area was reduced in the 
latter because some of the gold film surface had been covered by porous silica. Moreover 
the concentration of redox active species may have been different between the bulk 
solution and the pores. The pH of the system was 4 and the silica substrate had a negative 
charge in this environment, which might have affected the migration of the redox probe. 
Finally, the size of pores could also have limited the diffusion of the analyte. Porous 
silica produced from an F127 template was reported to have large pores connected by 
very narrow channels46,259. All of the abovementioned factors lead to the assumption that 
porous silica electrodes will act differently from gold film. Figure 6-24 shows the CV 
curves of a porous silica modified electrode in solutions of different ionic strength and 
Figure 6-25 is the Randles-Sevčik plot for each KCl concentration. 
The cyclic voltammetry in Figure 6-24 show that an increase in KCl concentration 
increased the faradaic current for FcMeOH. This means that the permeability of redox 
species through the silica cavities increased with increasing KCl concentration. Table 6-
3, shows the apparent diffusion coefficient (cm2/sec), peak separation and Ipa/Ipc were 
affected by the KCl concentration. The diffusion coefficient, peak separation and peak 
current all increased with increasing KCl concentration. The addition of KCl helped the 
solute to overcome the constraint of diffusion through the silica cavities. 
Basically in the electrochemical experiment, the redox probe will be oxidize or reduce on 
working electrode when a potential is applied. With a present of porous material on the 
electrode surface, the mobility of redox probe to diffused into the electrode will be 
influence by the surface charge318. The additions of KCl in the solution have increased 
the number of unreactive cation and these have neutralized the surface charge then reduce 
the attraction of surface charge toward the redox probe used. Quite similar mechanism 
has been shown by White et al.319 who study the effect of different KCl concentration 
with the surface charge of nanopore glass membrane319,320. They reported that, the 
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increased the KCl concentration will reduce the surface charge. Therefore, in our case, 
increasing the KCl strength319 significantly reduced the pore resistance. This explained, 
why the faradaic current is increased as the ionic strength was increased. This result is 
very interesting because experiments deal with a very narrow 3D regular porous silica 
channels who agree with analogous experiments with conical polymeric318 or glass 
nanopores319,320 tube.     
 
Figure 6-24: Cyclic voltammograms for porous SBA-16 silica electrode at 0.05 V/s scan 
rate. The electrolyte solution contains of 500 µM FcMeOH in 0.05 M potassium 
phthalate buffer (pH 4) and various KCl concentrations.  
 
Figure 6-25: Peak current of 500µM FcMeOH in 0.05 M potassium phthalate buffer 
solution (pH 4) with various KCl concentrations versus square root of the scan rate, with 
a porous SBA-16 silica as working electrode.  
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Table 6-3: Apparent diffusion coefficient (cm2/sec), peak separation and Ipa/Ipc ratio for 
porous silica electrode. 
KCl concentration 
(µM) 
Apparent diffusion 
coefficient (cm2/sec) 
Peak 
separation  
(Eox-Ered) Ipa/Ipc 
0 1.26 × 10-7 86 1.1 
5 × 103 1.95 × 10-7 89 0.9 
5 × 104 4.73 × 10-7 95 0.8 
 
6.3.9. pH study  
It is known that the isoelectric point (IEP) of silica is pH 2 293; below this value its 
surface will be positively charged while above it, it will carry a negative charge. By 
manipulating the charge on the probe, it is possible to observe the permeability of 
different solutes through the porous silica electrode at different pH value. In the 
experiments reported in this section, the redox probes used were FcMeOH (a neutral 
species), tris(2,2-bipyridine) ruthenium(II) chloride hexahydrate (Ru(bpy)3Cl2.6H2O), (a 
positive (cationic) species) and potassium iodide (KI), a negative (anionic) redox-active 
species. Potassium iodide behaves as a simple ionic salt (K+I-) but on oxidation forms a 
complex ion I3-. The reaction of 3I-(aq)           I­(aq)+ 2e-(aq), allowing the iodine to be used 
in aqueous solutions for redox species. Conversely, the FcMeOH and the ruthenium 
complex undergo simple one electron oxidation in aqueous solution, as in Equations 6-4 
to 6-5.   
FcMeOH(aq)        FcMeOH+(aq)     +   e-   Equation 6-4  
[Ru(bpy)3]2+(aq)               [Ru(bpy)3]3+(aq) +    e-   Equation 6-5  
Electrolytes, at various pH values were prepared by mixing 0.1 M HCl, 0.1 M NaOH and 
0.1 M KHP in different volumes.  
Electrochemistry of Ferrocene methanol (FcMeOH) 
Figure 6-26 shows that the oxidation and reduction peak for FcMeOH is relatively 
unchanged with the increasing pH. The peak current ratio between oxidation and 
→ 
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reduction was ≈ 1 with a peak separation of 64 mV. The diffusion coefficient (Table 6-4) 
also has a similar value over the pH studied.  
 
Figure 6-26: Cyclic voltammetry recorded in 500 µM FcMeOH at various pH and 0.05 
V/s scan rate using a gold commercial working electrode. Electrode area = 0.0314 cm2. 
 
Table 6-4: Diffusion coefficient (cm2/sec), peak separation and Ipa/Ipc ratio for 500 µM 
FcMeOH at various pH for the gold commercial electrode system. 
pH 
Apparent diffusion coefficient, D 
(cm2/sec) 
Average peak separation 
(m V) 
2.2 5.73  × 10-6 64 
3.2 5.60  × 10-6 64 
4.2 5.62  × 10-6 64 
5.2 5.50  × 10-6 64 
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Figure 6-27: Cyclic voltammograms 
0.05 V/s scan rate A) 
SBA-16 silica; B) Cyclic voltammograms
 
The results in Figure 6
electrode at various pH. The faradaic current for porous silica electrode is dramatically 
reduced because most of the underlying electrode has been cover by silica. An interesti
CV is shown in Figure 6
currents are enhanced with increasing pH. It was observed that both oxidation and 
reduction peaks shifted as shows in 
film was significant and suggests that when pH is increased further from IEP the value, 
the silica matrix charge becomes more negative. This attract the cation [FcMeOH]
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resulting from oxidation of FcMeOH. The effective concentration of the cation  inside the 
silica cavities increases and the stabilises the oxidation product85.  
 
Figure 6-28: Faradaic current versus pH at 0.05 V/s scan rate for 500 µM FcMeOH with 
porous SBA-16 silica as working electrode. 
 
Electrochemistry of Ruthenium bipyridyl (Ru(bpy)32+) 
Cyclic voltammetry for Ru(bpy)32+ at various pH values with the gold commercial 
electrode are shown in Figure 6-29. The CV overlap to each other and the apparent 
diffusion coefficients obtained are similar (Table 6-5). The results show that the 
electrochemistry of the Ru(bpy)32+ system did not alter with a change in pH values.  
Figure 6-30 A) shows that the porous silica electrode has a very low faradaic current as 
compared to the commercial electrode. The low faradaic current is due to the reduced 
active area as has been observed when study the porous silica with FcMeOH as the active 
species. Figure 6-30 B) shows that the oxidation peaks increased with increasing pH 
values. The silica matrix has become more negatively charged as pH increased and hence 
attracts cations at higher pH. It is difficult to quantify how many cations are attracted to 
underlying electrode because the adsorption capacity is unknown. However the local 
current should be higher since the faradaic current is directly proportional to the 
concentration of redox probe.    
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Figure 6-29: Cyclic voltammograms for gold commercial electrode with redox species of 
500 µM Ru(bpy)32+, recorded at various pH and at 0.05 V/s scan rate. Inset is the offset 
of the cyclic voltammograms. 
 
 
Table 6-5: Diffusion coefficient (cm2/sec), peak separation and Ipa/Ipc ratio for gold 
commercial electrode. 
pH Apparent diffusion coefficient (cm2/sec) Peak separation (mV) Ipa/Ipc 
3.2 1.20 × 10-6 52 1.6 
4.2 1.03 ×10-6 49 1.3 
5.2 1.89 × 10-6 49 1.3 
5.9 1.27 × 10-6 52 1.3 
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Figure 6-30: Cyclic voltammograms recorded in 500 µM Ru(bpy)32+ at various pH and 
0.05 V/s scan rate. A) Compares between gold commercial electrode and porous SBA-16 
silica and B) Cyclic voltammograms for porous SBA-16 silica. 
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Electrochemistry of Potassium iodide (KI)  
 
Figure 6-31: Cyclic voltammograms recorded in 500 µM KI at various pH and 0.05 V/s 
scan rate with gold commercial electrode as working electrode. 
 
Table 6-6: Diffusion coefficient (cm2/sec), peak separation and Ipa/Ipc ratio for 500 µM 
KI at various pH for gold commercial electrode system 
pH 
Apparent diffusion coefficient 
(cm2/sec) 
Peak separation 
(mV) Ipa/Ipc 
3.2 1.57 × 10-5 58 0.8 
4.2 1.57 × 10-5 54 0.9 
5.2 1.46 × 10-5 54 0.9 
5.9 1.44 × 10-5 52 0.8 
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Figure 6-32: Cyclic voltammograms recorded in 500 µM KI at various pH and 0.05 V/s 
scan rate A) Compares between gold commercial electrode and porous SBA-16 silica and 
B) Cyclic voltammograms for porous SBA-16 silica. 
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The CV shape and positions for iodide as the redox probe in aqueous solution using gold 
commercial electrode shows in Figure 6-31 were similar to CV reported previously by 
Pereira et al.321. The apparent diffusion coefficient (Table 6-6) shows quite similar value 
which shows the pH does not affect the process significantly.    Table 6-6 shows that the 
peak separation was lower than for a reversible redox system for single electron transfer 
(59 mV 178) with a peak ratio less than one. The peak shape was broader for oxidation and 
sharper for reduction. All the data shows that the iodide system was not a fully reversible 
redox system. When the porous silica electrode was introduced to same electrolyte 
solution, Figure 6-32, no prominent redox peak can be observed and the current density 
for porous silica is very low compared to commercial the electrode. The low faradaic 
current density observed with the mesostructured electrode is due to the presence of a 
physical barrier (porous silica) somewhat reducing the active area. The magnification of 
the CV (Figure 6-32 B) shows that the peak height was reduced as the pH increased. This 
is again because of the effect of the silica matrix whose negative charge increases as pH 
increases. In this case the anion (I-), is barred by surface charge as pH increased. 
In general, in this pH study section, has observed that the pH does not alter the mass 
transport when the gold commercial electrode is used as the working electrode. However, 
when the electrode is modified with porous silica, the interesting things are observed. The 
current density is tremendously reduced as compare to the commercial electrode. Firstly, 
the presence of a silica structure on electrode significantly reduces the effective electrode 
area and significantly reduced the faradaic current. The same situation has been observed 
when the same porous film growth on ITO (Chapter 5). Secondly, changing the type of 
redox probe such as anionic redox species shows a barrier while the cation showed an 
increased current. Increases in pH value have increased the surface charge therefore gives 
fall in currents for cataionic redox species but increased for anionic species.  
The pH study results concurrent with reports by Etienne and Song74,85. They claim that 
the surface charge will always affect the permeability of redox charge species, 
particularly in the silica thin film. According to them, a positively charged 
([(Ru(bpy)3]+2) redox probe will show a greater increase in faradaic current with a 
modified with porous silica film electrode compared to a bare ITO electrode, while a 
negatively charged probe (I-), will show some barrier effect.  
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Moreover, the voltammetric response turned from peak-shaped signals using the gold 
electrode to waves of sigmoidal form (refer Figure 6-30 and 6-32), suggesting the 
dominance of nano-size diffusion instead of the classical linear mode of mass transfer at 
mm-sized electrodes. It seems therefore that the modified electrode behaves as an 
‘‘ensemble of ultramicro-electrodes’’, which arises from gold nano-areas defined by the 
porous structure grown on the evaporated film. 233. 
6.3.10. Gold and platinum deposition 
Visible light adsorption 
This section reports on the use of optical absorption technique to confirm that the gold 
electroless deposition process had occurred. Although this technique is very simple, it can 
give a good indication of whether the sample has become denser. A successful electroless 
deposition process will increase the film density by reducing the metal ion inside the 
silica cavities and this corresponds to the absorption of more visible light. 
Figure 6-33 shows the optical absorption spectra for samples of evaporated gold film, 
gold film with SBA-16 after electroless deposition and gold film with SBA-16 after 
surfactant extraction. Method for electroless deposition was discussed in Section 6.3 . In 
Figure 6-33, at wavelength of 550 nm, the spectra show the absorbance for the 
evaporated gold film was similar to that with porous silica grown on it. Thus the porous 
silica layer on top of the evaporated gold film did not increase the light absorption and 
therefore the porous silica can be considered to be transparent. However, when the 
sample underwent electroless deposition, the optical absorbance was increased. It is 
suggested that deposition reduced gold inside the porous silica cavities, making the 
overall film denser. The weakness of this method is that the optical observation was 
unable to distinguish between deposition inside the cavities or only occurred on the 
surface of the film. 
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Sample Absorbance 
20 nm gold film (evaporated) 0.43 
Gold film with SBA-16 after ethanol 
wash (48 hours at 35 oC)  
0.44 
Gold film with SBA-16 after 
electroless deposition 
1.02 
 
Figure 6-33: Optical spectra for an evaporated gold film, porous SBA-16 after ethanol 
wash and SBA-16 after electroless gold  depostion. Attached table is the absorbance data 
for each sample at a wavelength of 500 nm. 
 
Silica template removal  
In order to form a porous metallic structure, samples after electroless deposition were 
washed with NaOH at 80 °C for ten minutes. CV was employed to ensure the efficient 
removal of the silica template from the substrate.  Figure 6-34 shows the CV of the bare 
gold electrode, evaporated gold with porous silica on it and after the silica had been 
removed using hot NaOH. From this figure, it is observed that porous silica after 
surfactant extraction showed typical reduction and oxidation seen previously (Figure 6-
16) of FcMeOH with lower faradaic current values as compared to a bare evaporated gold 
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electrode. However, when the silica film was washed away by NaOH, the current 
observed was similar to that seen with the bare film. This result demonstrates that 
washing with NaOH for 10 minutes at 80 °C was effective in removing the SBA-16 silica 
structure from its substrate.   
 
Figure 6-34: Cyclic voltammograms of evaporated gold film electrode, porous SBA-16 
silica electrode and porous SBA-16 silica silica electrode after NaOH wash. Experiments 
were recorded in 0.05 M potassium phthalate buffer solution (pH 4) containing 500 µM 
FcMeOH and at 0.05 V/s scan rate.  
Transmission electron microscopy (TEM) characterisation: porous gold 
Figure 6-35 shows a TEM image of a porous silica sample after electroless deposition 
using the method discussed in Section 6.3. The sample was obtained by scraping from the 
evaporated gold substrate and further dispersing it in acetone. The image shows, a very 
small black dot dispersed over the entire image window. Since gold is denser than silica, 
the black dots indicate the presence of gold in the cavities, while less dark regions are the 
silica framework. Unfortunately, no specific regular pattern was observed for this sample 
as compare to blank porous silica (Chapter 4 Section 4.3.7). The pattern of electroless 
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deposition of gold did not exactly follow its own template but
nanosized dispersed gold particles. 
Figure 6-35: Transmission electron microscopy (TEM) 
thin film after gold electroless deposition
structure template. 
 
Platinum electrodeposition
The purposed platinum electrodeposition in the silica cavities was to ensure that metallic 
ion was deposited inside the cavities. The electrical current supplied to reduces 
[Pt(NH3)4]2+ on the surface of underlying electrode. With time, the deposition layer 
become thicker and the platinum structure should follow that of silica template. 
for electrodeposition of platinum as discussed in 
20 nm 
-16 on evaporated gold film substrate
 
image of porous 
. Experiments run without removing the 
 
Section 6.3.  
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In this conditions approximat
which [(Voltage (-1.5 V)
corresponds to the deposition of 0.00975 g platinum.  Therefore volume deposit = 
0.00975 g / 21.44 gcm
The SBA-16 film volume is approximately 4.61 x 10
(1.23 x 10-5 cm) × 
Section) therefore: void space 
Therefore the amount of 
Figure 6-36 shows an EDX analysis of porous platinum film after washing with hot 
NaOH.  The analysis indicates the platinum remained on the base substrate (evaporated 
gold film) after the silica removal process. The presence of chromium in EDX analysis is 
due to the chromium adhesion layer between gold and glass for evaporated gold electrode 
preparation. Silicon (Si)  is the most prominent peak in the analysis and it come
glass slide, as do other metals such as potassium (K), magnesium (Mg), aluminium (Al), 
calcium (Ca) and sodium (Na), all originating from impurities in the glass slide. 
 
Figure 6-36: Energy
electrodeposition onto porous SBA
prior experiment.  
-16 on evaporated gold film substrate
ely 3.6 C of charge was passed under these conditions, 
 , current (0.5 mA) and assuming 100% Faradaic efficiency) 
−3
 = 4.55 x 10-4 cm3 of solid Pt. (bulk Pt density
-6
 cm3 (obtained from thickness, 
sample area (3.75 cm2). The sample void space = 0.13 (refer to 
of thin film = 4.61 × 10-6 × 0.13 = 5.99 
solid Pt deposit is more than enough to fill the silica cavities. 
-dispersive X-ray spectroscopy (EDX) 
-16 silica thin film. The silica template was removed 
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 : 21.44 gcm−3) 
× 10-5 cm3. 
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analysis of platinum 
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6.3.11. Grazing incident small angle X-ray scattering (GISAXS) characterisation 
A detail protocol for GISAXS analysis was discussed in Chapter 4 Section 4.3.4. Here, 
GISAXS was applied to confirm the nanostructured surfaces properties of thin films after 
inserting metal via gold electroless deposition and platinum electrodeposition. The 
GISAXS experiments were perform using Hecus X-Ray Systems (GMBH GRAZ) with 
the 2D Palatus detector. The detail informations were given as in Chapter 2 Section 2.5.  
Figure 6-37 shows the GISAXS diffraction image for the sample after gold electroless 
deposition and after platinum electrodeposition. In these experiments, hot NaOH was 
used to remove the silica cavities after deposition. It is assumed that the gold will be 
reduced inside the cavities and so copies the porous template cavities to obtain a 3D 
porous metallic structure after the NaOH treatment. However, when the sample was 
characterized by GISAXS, no sign of diffraction spots or any faint ring was observed. In 
the case of electroless deposition (Figure 6-37 A), it is possible that gold is deposited on 
the silica surface instead of the cavities. If that were the case, when NaOH wash was 
applied, the gold may have been washed away with the silica to expose the evaporated 
gold film. Thus, GISAXS did not show any significantly orientated structure.  
Similarly, after the platinum electrodeposition process, the GISAXS diffraction image 
(Figure 6-37 B) again showed no spots or faint ring. If the experiment had been 
completed successfully, ideally, the platinum deposition should have followed the 
structure of the template, but this did not happen for this particular sample. However, the 
platinum colour (greyish white) could still be clearly seen on the sample after silica 
removal. The EDX analyses (Figure 6-36) confirms the existence of platinum after the 
NaOH wash. Thus, washing with NaOH must have removed only the silica, not the 
platinum.  From the GISAXS analysis, it is suggested that the platinum deposition 
process did not perfectly follow the template. Contamination, by traces of surfactant 
remaining in the silica cavities, trapped gas, hydrogen evolution and solvent trapped 
during deposition, may have been a factor distorting the metal structure deposition.  
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6.4. Conclusions 
The electrochemical characteristic of modified porous silica electrode growth on gold 
film was observed by measuring the current response of the electrodes using neutral, 
cationic and anionic electroactive species at different KCl concentration and pH values. 
From the permeability study of neutral redox probe, it was showed that the silica thin film 
modified electrode had void space of 13 %. Other part of modified electrode had been 
covered by porous silica and only this space remained available for electrochemical 
movement and activity.  The addition of KCl in the solution has increased the number of 
unreactive cation and significantly neutralized the negatively surface charge of silica 
cavities. Thus, reduce the effect of surface charge towards the redox probe used. 
Therefore, it is found that, the increase of KCl strength would significantly reduced the 
pore resistance and increased the faradaic current. The electrochemical signals were 
found to be increased for cation ([Ru(bpy)3]2+) redox probe while the anion (I ) redox 
probe decreased as the pH value increased. This effect was due to the change in surface 
charge (more negative) as pH shifted away from isoelectric point (IEP = pH2). Indeed, 
negative charge silica surface act as permerselective barrier likely to exclude anion 
partially and as accumulation medium likely to concentrate cations. Finally, this work 
also showed that thin films of gold and platinum film have been fabricated by electroless 
deposition and electrodeposition respectively, using mesoporous silica as a template. 
However, the morphology of the metal films prepared in this way did not reproduce the 
silica template structure and this anomalous behaviour of nanoparticles will be 
investigated in future.  
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7. CHAPTER 7: CONCLUSIONS AND FUTURE WORK 
7.1. Conclusions  
7.1.1. Hybrid-aluminum oxide membrane (Hybrid-AOM) 
Hybrid-AOM has been successfully grown within an aluminium oxide columnar 
membrane. The structure-directing surfactant was successfully removed by calcinations, 
by oxidation with peroxide-Fe2+ and by washing with methanol. However, surfactant 
removal was best done by ethanol extraction, because calcination caused samples to 
crack, crumple and become detached from the AOM, while removal with Fe-H2O2 caused 
iron contamination. Ethanol extraction was found to preserve the membrane shape. XRD 
analysis showed that samples treated by the calcination and ethanol extraction methods 
underwent shrinkage when compared to as-synthesized samples. Samples of SBA-15 
mesoporous silica were synthesized and compared to the hybrid-AOM. The powder XRD 
analysis of prepared SBA-15 showed three clear peaks characteristic of a hexagonal 
ordered structure with a unit cell parameter of 11.1 nm and pore size (BJH method) of 6.2 
nm. Structural analysis of the as-prepared SBA-15 samples showed very good agreement 
with the literature. The nitrogen adsorption results for hybrid-AOM showed the 
appearance of a hysteresis loop at relative pressure (P/P0) of 0.65 to 0.85, which is quite 
similar range to that of as-prepared SBA-15 (0.6 to 0.8). The pore size calculated via the 
BJH method is 6.7 nm at a relative pressure of 0.7. This is quite similar to the pore size 
reported for SBA-15 materials. The powder XRD results for hybrid-AOM revealed that 
the samples had no specific periodic orientation, but the peak observed at low angle 
shows that the samples did have mesostructural properties.  
The electrochemical study of membrane permeability was done by applying FcMeOH as 
a redox active species. The porosity calculated for the bare AOM film was found to be 31 
%, which means that 31 % of its volume comprised the empty space, while the remainder 
was AOM wall. The as-synthesized hybrid-AOM barred more than 98.4 % of current 
from reaching the underlying gold electrode. This indicates that before surfactant 
extraction the mesostructure inside the AOM columnar material was tightly packed and 
that the very low measurable current was a result of dissolved ion in the surfactant such 
as Cl- which conferring some conductivity. After surfactant removal, the porosity of 
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hybrid-AOM increased to 10 %, which shows that its pores were interconnected after 
surfactant removal, but it is also possible that permeability occurred between the 
mesostructure and the columnar AOM, since shrinkage was evident from the XRD 
experiments.  
7.1.2. SBA-16 thin film 
SBA-16 thin film was grown on various substrates such as glass, indium tin oxide and 
evaporated gold film. The characterisation of thin films was done via TEM, XRD and 
GISAXS. Electrochemical experiments were conducted to study the porosity of the films 
and the effective surface charge of the silica cavities. It was found that the best method to 
remove surfactant from the template was calcination at 500 °C for 10 min which was 
confirmed by attenuated total reflectance infrared (ATR-IR). This method was applied to 
SBA-16 grown on ITO and glass, but it was found to be damaging to the evaporated film 
substrate: the evaporated gold was easily peeled off after calcination. Thus, ethanol 
extraction was used as an alternative method, but traces of surfactant were found to 
persist even after 72 hours ethanol extraction. It was not possible to extract for longer 
than 48 hours or to use the reflux method because the thin film structure would 
decompose. The structural orientation of the thin film was first confirmed by the TEM 
method. TEM micrographs showed that the prepared thin film possessed a body-centred 
cubic structural arrangement. The GISAXS method, using a 2D detector, provided more 
information about structural orientation, indicating that the structure of the thin film was 
not perfectly cubic but compressed in a direction perpendicular to the substrate after 
drying. The structure was even more compressed after surfactant removal. 
Electrochemical studies were performed on SBA-16 thin film grown on conducting 
substrates (ITO and evaporated gold film). The response of electrodes modified with 
silica was investigated using neutral (FcMeOH), cationic ([Ru(bpy)3]2+) and anionic (I ) 
electroactive species. The permeability of the neutral redox probe showed that the 
faradaic current was reduced by more than 87 %. This is because part of the electrode had 
been covered by porous silica and only a small void space remained available for 
electrochemical activity. Increasing the KCl concentration partially neutralised the 
surface charge, thus reducing pore resistance by compressing the pore Debye length. The 
faradaic current for FcMeOH oxidation increased with increasing KCl concentration. 
Increasing the pH value made the silica surface charge more negative, which was 
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consistent with the enhanced current send for the cationic redox probe and the reduced 
response seen for the anionic probe. Finally, this work also shows that thin films of gold 
and platinum could be fabricated by electroless deposition and electrodeposition 
respectively, using mesoporous silica as a template. However, the morphology of the 
metal films prepared in this way did not reproduce the structure of the silica template. 
7.2. Future work 
Increasing the long-term and operational stability of these ordered porous materials, in 
particular those preparations based on the sol-gel method, requires further investigation. 
The chemistry of silica is extremely rich, but its stability in aqueous media can be 
poor 130. There are interesting areas to be investigated further, based on the results 
presented here. Silica cavities with narrow channels and pores often carry surface 
charges, giving rise to interesting electrical properties. It is known that the isoelectric 
point of silica is 2 to 3 and therefore at higher pH a silica surface will be negatively 
charged. The experiments confirm that the silica surface charge will be affected by the 
pH value. Providing an additional source of ions, for example KCl, has been shown to 
reduce pore constraints, while the electrochemical response has been shown to improve 
as KCl concentration increases. This study should be extended to other cation sources and 
other redox charges, in order to understand and control the surface charge as well as the 
permeability of the redox charge.  
 
 
 
 
                                                                                                                        References 
230 
 
8. References 
(1) Cui, X.; Zhao, Q.; Li, Z.; Sun, Z.; Jiang, Z. Nanotechnology 2007, 21, 215701. 
(2) Rolison, D. R. Chem. Rev. 1990, 867-878. 
(3) Blin, J. L.; Otjacques, C.; Herrier, G.; Su, B.-L. International Journal of 
Inorganic Materials 2001, 3, 75-86. 
(4) Colilla, M.; Balas, F.; Manzano, M.; Vallet-Regi, M. Chem. Mater. 2007, 19, 
3099. 
(5) Davis, M. E.; Lobo, R. F. Chem. Mater. 1992, 4, 756-768. 
(6) Cundy, C. S.; Cox, P. A. Chemical Reviews 2003, 103, 663-702. 
(7) Alain, W. Electroanalysis 1996, 8, 971-986. 
(8) Structure Probe, Inc.; http://www.2spi.com/catalog/spec_prep/filter2.shtml. 
(9) Sing, K. S. W.; Everet, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R. A.; 
Rouquerol, J.; Siemeniewska, T. Pure & App. Chem. 1985 57, 603-619. 
(10) Davis, M. E.; Saldarriaga, C.; Montes, C.; Garces, J.; Crowder, C. Zeolites 1988, 
8, 362-366. 
(11) Davis, M. E.; Saldarriaga, C.; Montes, C.; Garces, J.; Crowdert, C. Nature 1988, 
331, 698-699. 
(12) Estermann, M.; McCusker, L. B.; Baerlocher, C.; Merrouche, A.; Kessler, H. 
Nature 1991, 352, 320-323. 
(13) Zhao, X. S.; Lu, G. Q.; Millar, G. J. Industrial & Engineering Chemistry 
Research 1996, 35, 2075-2090. 
(14) Sayari, A. Encyclopedia of Supramolecular Chemistry 2004, 852 - 860. 
(15) Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, C. T.; Schmitt, 
K. D.; Chu, C. T. W.; Olson, D. H.; Sheppard, E. W.; McCullen, S. B.; Higgins, J. B.; 
Schlenker, J. L. J. Am. Chem. Soc. 1992, 114, 10834-10843. 
(16) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S. Nature 
1992, 359, 710-712. 
 
                                                                                                                        References 
231 
 
(17) Di Renzo, F.; Cambon, H.; Dutartre, R. Microporous Materials 1997, 10, 283-
286. 
(18) Hoffmann, F.; Cornelius, M.; Morell, J.; Fröba, M. Angew. Chem. Int. Ed. 2006, 
45, 3216-3251. 
(19) Alfredsson, V.; Anderson, M. W. Chem. Mater. 1996, 8, 1141-1146. 
(20) Galarneau, A.; Renzo, F. D.; Fajula, F.; Mollo, L.; Fubini, B.; Ottaviani, M. F. 
Journal of Colloid and Interface Science 1998, 201, 105-117. 
(21) Buckley, A. M.; Greenblatt, M. J. Chem. Educ. 1994, 71, 599. 
(22) Kickelbick, G.; Hybrid materials: synthesis, characterization, and aplications; 
Kickelbick, G., Ed.; Wiley-VCH Verlag GmbH: 2007. 
(23) Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G. D. J. Am. Chem. Soc. 
1998, 120, 6024-6036. 
(24) Li, M.; Coenjarts, C. A.; Ober, C. K.; In Book Block Copolymers II : Patternable 
Block Copolymers; Abetz, V., Ed.; SpringerLink: Berlin, 2005, p 183-226. 
(25) Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, C. T.; Schmitt, 
K. D.; Chu, C. T. W.; Olson, D. H.; Sheppard, E. W. J. Am. Chem. Soc. 1992, 114, 
10834-10843. 
(26) Sayari, A.; Liu, P. Microporous Materials 1997, 12, 149-177. 
(27) Tanaka, S.; Tate, M. P.; Nishiyama, N.; Ueyama, K.; Hillhouse, H. W. Chem. 
Mater. 2006, 18, 5461-5466. 
(28) Lei, Z.; Hendrikus , C. L. A.; Gijsbert, G.; Nollaig Ní, B.; Pieter , C. M. M. M.; 
Brahim, M.; Wei, H.; Rutger , A. van S.; Qihua, Y.; Can, L. Chemistry - A European 
Journal 2007, 13, 1210-1221. 
(29) Kruk, M.; Jaroniec, M.; Ko, C. H.; Ryoo, R. Chem. Mater. 2000, 12, 1961-1968. 
(30) Newalkar, B. L.; Komarneni, S.; Katsuki, H. Chem. Commun. 2000, 2389-2390. 
(31) Lee, J. S.; Joo, S. H.; Ryoo, R. J. Am. Chem. Soc. 2002, 124, 1156-1157. 
(32) Zhang, F. Q.; Yan, Y.; Yang, H. F.; Meng, Y.; Yu, C. Z.; Tu, B.; Zhao, D. Y. J. 
Phys. Chem. B 2005, 109, 8723-8732. 
(33) Zhao, D. Y.; Huo, Q. S.; Feng, J. L.; Chmelka, B. F.; Stucky, G. D. J. Am. Chem. 
Soc. 1998, 120, 6024-6036. 
                                                                                                                        References 
232 
 
(34) Ryoo, R.; Ko, C. H.; Kruk, M.; Antochshuk, V.; Jaroniec, M. J. Phys. Chem. B 
2000, 104, 11465-11471. 
(35) Zhao, D. Y.; Yang, P.; Melosh, N.; Feng, J.; Chmelka, B. F.; Stucky, G. D. Adv. 
Mater. 1998, 10, 1380-+. 
(36) Zhao, D. Y.; Yang, P. D.; Huo, Q. S.; Chmelka, B. F.; Stucky, G. D. Current 
Opinion in Solid State & Materials Science 1998, 3, 111-121. 
(37) Kramer, E.; Forster, S.; Goltner, C.; Antonietti, M. Langmuir 1998, 14, 2027-
2031. 
(38) Park, M.; Harrison, C.; Chaikin, P. M.; Register, R. A.; Adamson, D. H. Science 
1997, 276, 1401-1404. 
(39) Harrison, C.; Park, M.; Chaikin, P. M.; Register, R. A.; Adamson, D. H. Journal 
of Vacuum Science & Technology B 1998, 16, 544-552. 
(40) Zalusky, A. S.; Olayo-Valles, R.; Wolf, J. H.; Hillmyer, M. A. J. Am. Chem. Soc. 
2002, 124, 12761-12773. 
(41) Zalusky, A. S.; Olayo-Valles, R.; Taylor, C. J.; Hillmyer, M. A. J. Am. Chem. 
Soc. 2001, 123, 1519-1520. 
(42) Lin, C. L.; Pang, Y. S.; Chao, M. C.; Chen, B. C.; Lin, H. P.; Tang, C. Y.; Lin, C. 
Y. Journal of Physics and Chemistry of Solids 2008, 69, 415-419. 
(43) Fulvio, P. F.; Jaroniec, M.; Liang, C.; Dai, S. J. Phys. Chem. C 2008, 112, 13126-
13133. 
(44) Grudzien, R. M.; Grabicka, B. E.; Jaroniec, M. Applied Surface Science 2007, 
253, 5660-5665. 
(45) Gobin, O. C.; Wan, Y.; Zhao, D. Y.; Kleitz, F.; Kaliaguine, S. J. Phys. Chem. C 
2007, 111, 3053-3058. 
(46) Sakamoto, Y.; Kaneda, M.; Terasaki, O.; Zhao, D. Y.; Kim, J. M.; Stucky, G.; 
Shin, H. J.; Ryoo, R. Nature 2000, 408, 449-453. 
(47) Wu, C. W.; Yamauchi, Y.; Ohsuna, T.; Kuroda, K. J. Mater. Chem. 2006, 16, 
3091-3098. 
(48) Nowak, I.; Jaroniec, M. Topics in Catalysis 2008, 49, 193-203. 
(49) Zhao, D. Y.; Feng, J. L.; Huo, Q. S.; Melosh, N.; Fredrickson, G. H.; Chmelka, B. 
F.; Stucky, G. D. Science 1998, 279, 548-552. 
                                                                                                                        References 
233 
 
(50) Chen, X.; Hu, H.; Liu, B.; Qiao, M.; Fan, K.; He, H. Journal of Catalysis 2003, 
220, 254-257. 
(51) Gao, F.; Lu, Q.; Liu, X.; Yan, Y.; Zhao, D. Nano Lett. 2001, 1, 743-748. 
(52) Chen, L.-F.; Guo, P.-J.; Zhu, L.-J.; Qiao, M.-H.; Shen, W.; Xu, H.-L.; Fan, K.-N. 
Applied Catalysis A: General 2009, 356, 129-136. 
(53) Mirji, S. A.; Halligudi, S. B.; Mathew, N.; Jacob, N. E.; Patil, K. R.; Gaikwad, A. 
B. Materials Letters 2007, 61, 88-92. 
(54) Zheng, F.; Tran, D. N.; Busche, B. J.; Fryxell, G. E.; Addleman, R. S.; Zemanian, 
T. S.; Aardahl, C. L. Industrial & Engineering Chemistry Research 2005, 44, 3099-3105. 
(55) Mellaerts, R.; Mols, R.; Kayaert, P.; Annaert, P.; Van Humbeeck, J.; Van den 
Mooter, G.; Martens, J. A.; Augustijns, P. International Journal of Pharmaceutics 2008, 
357, 169-179. 
(56) Campbell, R.; Bakker, M. G.; Havrilla, G.; Montoya, V.; Kenik, E. A.; 
Shamsuzzoha, M. Microporous and Mesoporous Materials 2006, 97, 114-121. 
(57) Huang, M. H.; Choudrey, A.; Yang, P. D. Chem. Commun. 2000, 1063-1064. 
(58) Lu, Q.; Gao, F.; Komarneni, S.; Mallouk, T. J. Am. Chem. Soc. 2004, 126, 8650-
8651. 
(59) Jirage, K. B.; Hulteen, J. C.; Martin, C. R. Science 1997, 278, 655-658. 
(60) Zhang, J.-L.; Li, W.; Meng, X.-K.; Wang, L.; Zhu, L. Journal of Membrane 
Science 2003, 222, 219-224. 
(61) Ku, A. Y.; Taylor, S. T.; Heward, W. J.; Denault, L.; Loureiro, S. M. 
Microporous and Mesoporous Materials 2006, 88, 214-219. 
(62) Xiao, Y.; Li, L.; Li, Y.; Fang, M.; Zhang, L. Nanotechnology 2005, 16, 671. 
(63) Yamaguchi, A.; Mekawy, M. M.; Chen, Y.; Suzuki, S.; Morita, K.; Teramae, N. J. 
Phys. Chem. B 2008, 112, 2024-2030. 
(64) Yoo, S.; Ford, D. M.; Shantz, D. F. Langmuir 2006, 22, 1839-1845. 
(65) Ogawa, M. J. Am. Chem. Soc. 1994, 116, 7941-7942. 
(66) Lu, Y.; Ganguli, R.; Drewien, C. A.; Anderson, M. T.; Brinker, C. J.; Gong, W.; 
Guo, Y.; Soyez, H.; Dunn, B.; Huang, M. H.; Zink, J. I. Nature 1997, 389, 364-368. 
                                                                                                                        References 
234 
 
(67) Zhao, D. Y.; Yang, P. D.; Margolese, D. I.; Chmelka, B. F.; Stucky, G. D. Chem. 
Commun. 1998, 2499-2500. 
(68) Sanchez, C.; xe; ment; Boissi; xe; re, C.; xe; dric; Grosso, D.; Laberty, C.; Nicole, 
L. Chem. Mater. 2008, 20, 682-737. 
(69) Zhao, X. S.; Lu, G. Q.; Millar, G. J. Ind. Eng. Chem. Res. 1996, 35, 2075-2090. 
(70) Sayari, A.; Han, B. H.; Yang, Y. J. Am. Chem. Soc. 2004, 126, 14348-14349. 
(71) Tanev, P. T.; Pinnavaia, T. J. Chem. Mater. 1996, 8, 2068-2079. 
(72) Inagaki, S.; Fukushima, Y.; Kuroda, K. J. Chem. Soc., Chem. Commun. 1993, 680 
- 682. 
(73) Moller, K.; Bein, T. Chem. Mater. 1998, 10, 2950-2963. 
(74) Song, C.; Villemure, G. Microporous and Mesoporous Materials 2001, 44-45, 
679-689. 
(75) Yang, H.; Kuperman, A.; Coombs, N.; Mamiche-Afara, S.; Ozin, G. A. Nature 
1996, 379, 703-705. 
(76) Ogawa, M. Chem. Commun. 1996, 1149-1150. 
(77) Lu, Y.; Ganguli, R.; Drewien, C. A.; Anderson, M. T.; Brinker, C. J.; Gong, W.; 
Guo, Y.; Soyez, H.; Dunn, B.; Huang, M. H.; Zink, J. I. Nature 1997, 389, 364-368. 
(78) Wang, R. H.; Sun, J. Nanotechnology 2007, 18. 
(79) Pan, J. H.; Lee, W. I. Bull. Korean Chem. Soc. 2005, 26, 418 - 422. 
(80) Huang, L. C.; Richman, E. K.; Kirsch, B. L.; Tolbert, S. H. Microporous and 
Mesoporous Materials 2006, 96, 341-349. 
(81) Cagnol, F.; Grosso, D.; Soler-Illia, G. J. d. A. A.; Crepaldi, E. L.; Babonneau, F.; 
Amenitsch, H.; Sanchez, C. J. Mater. Chem. 2003, 13, 61 -66   
(82) Brinker, C. J.; Lu, Y.; Sellinger, A.; Fan, H. Adv. Mater. 1999, 11, 579-585. 
(83) Grosso, D.; Cagnol, F.; Soler-Illia, G. J. de A. A.; Crepaldi, E. L.; Amenitsch, H.; 
Brunet-Bruneau, A.; Bourgeois, A.; Sanchez, C. Adv. Funct. Mater. 2004, 14, 309-322. 
(84) Guliants, V. V.; Carreon, M. A.; Lin, Y. S. Journal of Membrane Science 2004, 
235, 53-72. 
                                                                                                                        References 
235 
 
(85) Etienne, M.; Quach, A.; Grosso, D.; Nicole, L.; Sanchez, C.; Walcarius, A. Chem. 
Mater. 2007, 19, 844-856. 
(86) Zhang, J.; Zhu, J. Science in China Series B: Chemistry 2009, 52, 815-820. 
(87) Zhang, L.; Zhang, Q.; Li, J. Electrochemistry Communications 2007, 9, 1530-
1535. 
(88) Li, Y.; Zeng, X.; Liu, X.; Liu, X.; Wei, W.; Luo, S. Colloids and Surfaces B: 
Biointerfaces 2010, 79, 241-245. 
(89) Yiu, H. H. P.; Wright, P. A. J. Mater. Chem. 2005, 15, 3690-3700. 
(90) Bertolo, J. M.; Bearzotti, A.; Generosi, A.; Palummo, L.; Albertini, V. R. Sensors 
and Actuators, B: Chemical 2005, 111-112, 145-149. 
(91) Zak, J.; Kuwana, T. J. Electroanal. Chem. 1983, 150, 645-664. 
(92) Alain, W. Electroanalysis 2001, 13, 701-718. 
(93) Doménech, A.; García, H.; Marquet, J.; Bourdelande, J. L.; Herance, J. R. 
Electrochimica Acta 2006, 51, 4897-4908. 
(94) Bai, Y.; Yang, H.; Yang, W.; Li, Y.; Sun, C. Sensors and Actuators, B: Chemical 
2007, 124, 179-186. 
(95) Zhou, L. H.; Xian, Y. Z.; Zhou, Y. Y.; Hu, J.; Liu, H. L. Acta Chimica Sinica 
2005, 63, 2117-2120. 
(96) Stucky, G. D.; Bartl, M. H.; In Book Mesostructured Thin Film Oxides; 
Ramanathan, S., Ed. 2010, p 255-279. 
(97) Liu, X.; Hua, Y.; Villemure, G. Microporous and Mesoporous Materials 2009, 
117, 317-325. 
(98) Izquierdo-Barba, I.; Manzano, M.; Colilla, M.; Vallet-RegÃ-, M.; Silica-based 
ordered mesoporous materials for biomedical applications  2008; Vol. 377, p 133-150. 
(99) Guli, M.; Chen, Y.; Li, X.; Zhu, G.; Qiu, S. Journal of Luminescence 2007, 126, 
723-727. 
(100) Le Déoré, C.; Révillon, A.; Hamaide, T.; Guyot, A. Polymer 1993, 34, 3048-
3051. 
(101) Corriu, R. J. P.; Mehdi, A.; Reyé, C.; Thieuleux, C. Chem. Commun. 2004, 1440 - 
1441. 
                                                                                                                        References 
236 
 
(102) Grün, M.; Kurganov, A. A.; Schacht, S.; Schüth, F.; Unger, K. K. J. Chromatogr. 
A 1996, 740, 1-9. 
(103) Thoelen, C.; Walle, K. V. d.; Vankelecom, I. F. J.; Jacobs, P. A. Chem. Commun. 
1999, 1841-1842. 
(104) Yasmin, T.; Müller, K. J. Chromatogr. A 2010, 1217, 3362-3374. 
(105) Ma, Y.; Qi, L.; Ma, J.; Wu, Y.; Liu, O.; Cheng, H. Colloids and Surfaces A: 
Physicochem. Eng. Aspects 2003, 229, 1-8. 
(106) Wu, C. G.; Bein, T. Science 1994, 264, 1757-1759. 
(107) Preston, C. K.; Moskovits, M. J. Phys. Chem. 1993, 97, 8495-8503. 
(108) Bera, D.; Kuiry, S. C.; Seal, S.; Synthesis of nanostructured materials using 
template-assisted electrodeposition; Jom: 2004; Vol. 56, p 49-53. 
(109) Nicewarner-Pen, S. R.; Freeman, R. G.; Reiss, B. D.; He, L.; Pen, D. J.; Walton, I. 
D.; Cromer, R.; Keating, C. D.; Natan, M. J. Science 2001, 294, 137-141. 
(110) Li, L.; Yang, Y. W.; Fang, X. S.; Kong, M. G.; Li, G. H.; Zhang, L. D. Solid State 
Communications 2007, 141, 492-496. 
(111) Karim, S.; Toimil-Molares, M. E.; Maurer, F.; Miehe, G.; Ensinger, W.; Liu, J.; 
Cornelius, T. W.; Neumann, R. Applied Physics A: Materials Science & Processing 
2006, 84, 403-407. 
(112) Lieber, C. M. Solid State Communications 1998, 107, 607-616. 
(113) Jung, J. S.; Choi, K. H.; Jung, Y. K.; Lee, S. H.; Golub, V. O.; Malkinski, L.; 
O'Connor, C. J. Journal of Magnetism and Magnetic Materials 2004, 272, E1157-E1159. 
(114) Luo, H. M.; Wang, D. H.; He, J. B.; Lu, Y. F. J. Phys. Chem. B 2005, 109, 1919-
1922. 
(115) Chauhan, B. P. S.; Rathore, J.; Sardar, R.; Tewari, P.; Latif, U. Journal of 
Organometallic Chemistry 2006, 691, 2069-2070. 
(116) Zhu, W.; Han, Y.; An, L. Microporous and Mesoporous Materials 2005, 80, 221-
226. 
(117) Wang, D.; Zhou, W. L.; McCaughy, B. F.; Hampsey, J. E.; Ji, X.; Jiang, Y.-B.; 
Xu, H.; Tang, J.; Schmehl, R. H.; O`Connor, C.; Brinker, C. J.; Lu, Y. Adv. Mater. 2003, 
15, 130-133. 
                                                                                                                        References 
237 
 
(118) Suzuki, T.; Miyata, H.; Noma, T.; Kuroda, K. J. Phys. Chem. C 2008, 112, 1831-
1836. 
(119) Yang, M. H.; Qu, F. L.; Lu, Y. S.; He, Y.; Shen, G. L.; Yu, R. Q. Biomaterials 
2006, 27, 5944-5950. 
(120) Fukuoka, A.; Sakamoto, Y.; Higuchi, T.; Shimomura, N.; Ichikawa, M. Journal of 
Porous Materials 2006, 13, 231-235. 
(121) Xu, C. L.; Zhang, L.; Zhang, H. L.; Li, H. L. Applied Surface Science 2005, 252, 
1182-1186. 
(122) Eliseev, A. A.; Template-Grown Ni-Cu Nanowires Show High Magnetization and 
Enhanced Coercivities; Mrs Bulletin: 2003; Vol. 28, p 158-158. 
(123) Rice, R. L.; Arnold, D. C.; Shaw, M. T.; Iacopina, D.; Quinn, A. J.; Amenitsch, 
H.; Holmes, J. D.; Morris, M. A. Adv. Funct. Mater. 2007, 17, 133-141. 
(124) Surowiec, Z.; Goworek, J.; Ryczkowski, J.; Budzynski, M.; Wiertel, M.; 
Sarzynski, J. Nukleonika 2007, 52, S33-S36. 
(125) Fuertes, M. C.; Marchena, M.; Marchi, M. C.; Wolosiuk, A.; Soler-Illia, G. J. A. 
A. Small 2009, 5, 272-280. 
(126) Platschek, B.; Petkov, N.; Bein, T. Angew. Chem. Int. Ed. 2006, 45, 1134-1138. 
(127) Li, Z.; Kubel, C.; Parvulescu, V. I.; Richards, R. Acs Nano 2008, 2, 1205-1212. 
(128) Urade, V. N.; Wei, T.-C.; Tate, M. P.; Kowalski, J. D.; Hillhouse, H. W. Chem. 
Mater. 2007, 19, 768-777. 
(129) Kresge, C. T.; Leonowitz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S. Nature 
1992, 359, 710-712. 
(130) Walcarius, A.; Kuhn, A. Trends in Analytical Chemistry 2010, 27, 593-603. 
(131) Davis, M. E. Nature 2002, 417, 813-821. 
(132) P. Rigby, S.; S. Fletcher, R.; N. Riley, S. Chemical Engineering Science 2004, 59, 
41-51. 
(133) Yu, K.; Smarsly, B.; Brinker, C. J. Adv. Funct. Mater. 2003, 13, 47-52. 
(134) Sing, K. S. W. Colloids and Surfaces A: Physicochem. Eng. Aspects 2004, 241, 3-
7. 
                                                                                                                        References 
238 
 
(135) Falcaro, P.; Grosso, D.; Amenitsch, H.; Innocenzi, P. J. Phys. Chem. B 2004, 108, 
10942-10948. 
(136) McCash, E. M.; Surface Chemistry; 1st ed.; Oxford University Press Inc. : New 
York, 2001. 
(137) Gregg, S. J.; Sing, K. S. W.; Adsorption, surface area, and porosity; 2nd ed.; 
Academic Press: London; New York, 1967. 
(138) The University of Oxford Surface Analysis Facility Web Site; Basic Operating 
Principles of The Sorptomatic 1990 2007. 
(139) Sing, K. S. W.; Rouquerolt, J.; Avnir, D.; Fairbridge, C. W.; Everett, D. H.; 
Haynes, J. H.; Pernicone, N.; Ramsay, J. D. F.; Unger, K. K. Pure & Appl. Chern 1994, 
66, 1739-1758. 
(140) Sing, K. S. W. Journal of Porous Materials 1995, 2, 5-8. 
(141) Lowell, S.; Shields, J. E.; Powder surface area and porosity; 3rd ed.; Chapman 
and Hall: London; New York, 1984. 
(142) Takei, T.; Chikazawa, M.; Kanazawa, T. Colloid & Polymer Science 1997, 275, 
1156-1161. 
(143) IUPAC; Compendium of Chemical Terminology; 2 ed.; McNaught, A. D., 
Wilkinson., A., Eds.; Blackwell Scientific Publications: Oxford, 1997. 
(144) West, A. R.; Basic solid state chemistry; 2nd ed.; Wiley: Chichester, 1988. 
(145) Cullity, B. D.; Elements of X-Ray Diffraction; 2 ed.; Addison-Wesley Publishing 
Company, Inc.: London, 1978. 
(146) McCrusker, L. B.; In Book Product Characterization by X-ray Powder Diffraction 
2nd ed.; Robson, H., Ed.; Elsevier: London, 2001, p 47. 
(147) Clegg, W.; McCleverty, J. A.; Meyer, T. J.; In Book X-ray Diffraction; Pergamon: 
Oxford, 2003, p 57-64. 
(148) Kruk, M.; Jaroniec, M.; Ryoo, R.; Joo, S. H. Chem. Mater. 2000, 12, 1414-1421. 
(149) Bloss, F. D.; Crystallography and crystal chemistry; Holt, Rinehart and Winston: 
New York, 1971. 
(150) Jenkins, R.; Snyder, R. L.; Introduction to X-ray powder diffractometry; Wiley: 
New York ; Chichester, 1996. 
                                                                                                                        References 
239 
 
(151) Cheetham, A. K.; Day, P.; Solid State Chemistry : Techniques; Clarendon Press: 
Oxford, 1988. 
(152) Dann, S. E.; Royal Society of, C.; Reactions and characterization of solids; Royal 
Society of Chemistry: Cambridge, 2000. 
(153) Stevens, W. J. J.; Mertens, M.; Mullens, S.; Thijs, I.; Van Tendeloo, G.; Cool, P.; 
Vansant, E. F. Microporous and Mesoporous Materials 2006, 93, 119-124. 
(154) Smilgies, D.-M.; Busch, P.; Posselt, D.; Papadakis, C. M. Synchrotron Radiation 
News 2002, 15, 35-42. 
(155) Müller-Buschbaum, P. Anal Bioanal Chem 2003, 3-10. 
(156) Gibaud, A.; Dourdain, S.; Vignaud, G. Applied Surface Science 2006, 253, 3-11. 
(157) Yoneda, Y. Physical Review 1963, 131, 2010. 
(158) Simon, J.-P.; Babonneau, D.; Drouet, M.; Lyon, O. J. Appl. Cryst. 2009, 42, 312-
322. 
(159) Tate, M. P.; Urade, V. N.; Kowalski, J. D.; Wei, T.-c.; Hamilton, B. D.; Eggiman, 
B. W.; Hillhouse, H. W. J. Phys. Chem. B 2006, 110, 9882-9892. 
(160) Muller-Buschbaum, P. Europhysics letters 1998, 42, 517-522. 
(161) Goldstein, J. I.; Newbury, D. E.; Echlin, P.; Joy, D. C.; Fiori, C.; Lifshin, E.; 
Scanning Electrone Microscopy and X-Ray Microanalysis; Plenum Press: New York, 
1981. 
(162) Hearle, J. W. S.; Sparrow, J. T.; Cross, P. M.; The use of the scanning electron 
microscope; Pergamon Press: Oxford 
New York, 1972. 
(163) FEI Company; 
http://www.fei.com/uploadedFiles/Documents/Content/2008_05_TEMSamplePrep_wp.p
df. 
(164) West, A. R.; Basic solid state chemistry; Wiley: Chichester, 1988. 
(165) Schiek, M.; Balzer, F.; Al-Shamery, K.; Lutzen, A.; Rubahn, H.-G. Soft Matter 
2008, 4, 277-285. 
(166) Ludwig, T.; Kirmse, R.; Poole, K.; Schwarz, U. European Journal of Physiology 
2008, 456, 29-49. 
                                                                                                                        References 
240 
 
(167) JPK Instruments AG; JPK Instruments Tutorials - Atomic Force Microscopy 
(AFM) 2010. 
(168) Harris, D. C.; Exploring chemical analysis; W.H. Freeman and Co: New York, 
1997. 
(169) Harrick, N. J.; Internal reflection spectroscopy; London : John Wiley and Sons ; 
Interscience Publishers: New York, 1967. 
(170) Rusling, J. F.; Suib, S. L. Adv. Mater. 1994, 6, 922-930. 
(171) Sel, O.; Sallard, S.; Brezesinski, T.; Rathouský, J.; Dunphy, D. R.; Collord, A.; 
Smarsly, B. M. Adv. Funct. Mater. 2007, 17, 3241-3250. 
(172) Wang, Z. L.; Characterization of nanophase materials; Wiley-VCH: Weinheim ; 
Chichester, 2000. 
(173) Crow, D. R.; Principles and Applications of Electrochemistry 4ed.; Blackie 
Academic & Professional: London, 1994. 
(174) Bauer, H. H.; Electrodics: modern ideas concerning electrode reactions; Thieme: 
Stuttgart, 1972. 
(175) Rieger, P. H.; Electrochemistry; Prentice-Hall International: London, 1987. 
(176) Hibbert, D. B.; Introduction to Electrochemistry; 1st ed.; The Macmillan Press 
Ltd: London, 1993. 
(177) Saheb, A.; Janata, J.; Josowicz, M. Electroanalysis 2006, 18, 405-409. 
(178) Monk, P. M. S.; Fundamentals of electroanalytical chemistry; John Wiley: 
Chichester, 2001. 
(179) Chen, P.-Y.; Hussey, C. L. Electrochimica Acta 2007, 52, 1857-1864. 
(180) Honma, H. Electrochimica Acta 2001, 47, 75-84. 
(181) Shima, M.; Hwang, M.; Ross, C. A. J. Appl. Phys. 2003, 93, 3440-3444. 
(182) Ma, C. B.; Cao, F. H.; Zhang, Z.; Zhang, J. Q. Applied Surface Science 2006, 253, 
2251-2256. 
(183) Valade, L.; de Caro, D.; Savy, J. P.; Malfant, I.; Faulmann, C.; Almeida, M.; 
Fraxedas, J.; Brooks, J. S. Journal of Low Temperature Physics 2006, 142, 393-396. 
                                                                                                                        References 
241 
 
(184) Chaure, N. B.; Stamenov, P.; Rhen, F. M. F.; Coey, J. M. D. Journal of 
Magnetism and Magnetic Materials 2005, 290-291, 1210-1213. 
(185) Crow, D. R.; Principles and Applications of Electrochemistry; 2nd ed.; Chapman 
and Hall: New York, 1979. 
(186) Hamann, C. H.; Hemnett, A.; Vielstich, W.; Electrochemistry; Wiley-VCH: New 
York, 1998. 
(187) Ali, H. O.; Christie, I. R. A. Circuit World 1985, 11, 10 - 16. 
(188) Lu, Q.; Gao, F.; Komarneni, S.; Mallouk, T. E. J. Am. Chem. Soc. 2004, 126, 
8650-8651. 
(189) Sakamoto, Y.; Nagata, K.; Yogo, K.; Yamada, K. Microporous and Mesoporous 
Materials 2007, 101, 303-311. 
(190) Itaya, K.; Sugawara, S.; Arai, K.; Saito, S. Journal of Chemical Engineering of 
Japan 1984, 17, 514-520. 
(191) Whatman plc; Anopore Inorganic Membranes (Anodisc) 2010-, Communication 
from manufacturer. 
(192) Pang, Y. T.; Meng, G. W.; Zhang, L. D.; Shan, W. J.; Zhang, C.; Gao, X. Y.; 
Zhao, A. W.; Mao, Y. Q. J. Solid State Electrochem. 2003, 7, 344-347. 
(193) Routkevitch, D.; Bigioni, T.; Moskovits, M.; Xu, J. M. J. Phys. Chem. 1996, 100, 
14037-14047. 
(194) Kumar, P.; Ida, J.; Kim, S.; Guliants, V. V.; Lin, J. Y. S. Journal of Membrane 
Science 2006, 279, 539-547. 
(195) Platschek, B.; Kohn, R.; Doblinger, M.; Bein, T. Langmuir 2008, 24, 5018-5023. 
(196) Platschek, B.; Köhn, R.; Döblinger, M.; Bein, T. ChemPhysChem 2008, 9, 2059-
2067. 
(197) Yamaguchi, A.; Uejo, F.; Yoda, T.; Uchida, T.; Tanamura, Y.; Yamashita, T.; 
Teramae, N. Nature Materials 2004, 3, 337-341. 
(198) Schmidt, R.; Hansen, E. W.; StiScker, M.; Akporiaye, D.; Ellestad, O. H. J. Am. 
Chem. Soc. 1995, 4049-4056. 
(199) Turton, R.; The Physics of Solids; Oxford University Press: Oxford, 2000. 
                                                                                                                        References 
242 
 
(200) Shen, S. C.; Chen, F. X.; Chow, P. S.; Phanapavudhikul, P.; Zhu, K. W.; Tan, R. 
B. H. Microporous and Mesoporous Materials 2006, 92, 300-308. 
(201) Mesa, M.; Sierra, L.; Guth, J. L. Microporous and Mesoporous Materials 2008, 
112, 338-350. 
(202) Bérubé, F.; Kaliaguine, S. Microporous and Mesoporous Materials 2008, 115, 
469-479. 
(203) Sigma-Aldrich, Inc. . 
(204) Sosnik, A.; Cohn, D.; Rom; n, J. S.; Abraham, G. A. J. Biomater. Sci. Polymer 
Edn. 2003, 14, 227-239. 
(205) Xu, X.; Lee, P. I. Pharmaceutical Research 1993, 10, 1144-1152. 
(206) Ng, J. B. S.; Vasiliev, P. O.; Bergstro¨m, L. Microporous and Mesoporous 
Materials 2008, 112, 589-596. 
(207) Yamada, T.; Zhou, H. S.; Asai, K.; Honma, I. Materials Letters 2002, 56, 93-96. 
(208) Joël, P. Angew. Chem. Int. Ed. 2004, 43, 3878-3880. 
(209) Kawi, S.; Lai, M. W. AIChE Journal 2002, 48, 1572-1580. 
(210) Bellamy, W. D.; Hickman, G. T.; Mueller, P. A.; Ziemba, N. Research Journal of 
the Water Pollution Control Federation 1991, 63, 120-128. 
(211) Heeks, R. E.; Smith, L. P.; Perry, P. M.; In Book Oxidation Technologies for 
Groundwater Treatment; American Chemical Society: 1991; Vol. 468, p 110-132. 
(212) Melian-Cabrera, I.; Kapteijn, F.; Moulijn, J. A. Chem. Commun. 2005, 2744-
2746. 
(213) Sandra, R.-C.; Alexandra, M.; Naomi, M.; Dan, M.; Rudi, van E. Chemistry - A 
European Journal 2009, 15, 8303-8309. 
(214) Masarwa, A.; Rachmilovich-Calis, S.; Meyerstein, N.; Meyerstein, D. 
Coordination Chemistry Reviews 2005, 249, 1937-1943. 
(215) Mordechai, L. K. International Journal of Chemical Kinetics 2006, 38, 725-736. 
(216) Berquier, J. M.; Teyssedre, L.; Jacquiod, C. Journal of Sol-Gel Science and 
Technology 1998, 13, 739-742. 
                                                                                                                        References 
243 
 
(217) Van Grieken, R.; Calleja, G.; Stucky, G. D.; Melero, J. A.; Garcia, R. A.; Iglesias, 
J. Langmuir 2003, 19, 3966-3973. 
(218) Li, J.; Gu, J.; Li, H.; Liang, Y.; Hao, Y.; Sun, X.; Wang, L. Microporous and 
Mesoporous Materials, 128, 144-149. 
(219) Honda, Y.; Hayakawa, S.; Hasegawa, S.; Asahi, H. Applied Surface Science 2009, 
256, 1069-1072. 
(220) Xing, W.; Zhuo, S.-P.; Gao, X.-l. Materials Letters 2009, 63, 1177-1179. 
(221) Imbihl, R.; Behm, R. J.; Ertl, G.; Moritz, W. Surface science 1982, 123, 129-140. 
(222) Ji, H.; Fan, Y. Q.; Jin, W. Q.; Chen, C. L.; Xu, N. P. Journal of Non-Crystalline 
Solids 2008, 354, 2010-2016. 
(223) Langford, J. I.; Louer, D. Rep. Prog. Phys. 1996, 59, 131-234. 
(224) Lime, P. Macromolecules 1994, 27, 6404-6417. 
(225) Wanka, G.; Hoffmann, H.; Ulbricht, W. Macromolecules 1994, 27, 4145-4159. 
(226) Barrett, E. P.; Joyner, L. G.; Halenda, P. P. J. Am. Chem. Soc. 1951, 73, 373-380. 
(227) Kruk, M.; Jaroniec, M.; Sayari, A. Langmuir 1997, 13, 6267-6273. 
(228) Zhang, W. M.; Gaberman, I.; Ciszkowska, M. Electroanalysis 2003, 15, 409-413. 
(229) Kiattipoomchai, M.; Somasundrum, M.; Tanticharoen, M.; Kirtikara, K. Analyst 
1998, 123, 2017-2019. 
(230) Hulteen, J. C.; Martin, C. R. J. Mater. Chem. 1997, 7, 1075-1087. 
(231) Guo, Y.-G.; Zhang, H.-M.; Hu, J.-S.; Wan, L.-J.; Bai, C.-L. Thin Solid Films 
2005, 484, 341-345. 
(232) Platt, M.; Dryfe, R. A. W.; Roberts, E. P. L. Electrochimica Acta 2003, 48, 3037-
3046. 
(233) Sayen, S.; Walcarius, A. Electrochemistry Communications 2003, 5, 341-348. 
(234) Platt, M.; Dryfe, R. A. W.; Roberts, E. P. L. Langmuir 2003, 19, 8019-8025. 
(235) Walcarius, A.; Sibottier, E.; Etienne, M.; Ghanbaja, J. Nat Mater 2007, 6, 602-
608. 
                                                                                                                        References 
244 
 
(236) Bailey, F. E.; Koleske, J. V.; Alkylene oxides and their polymers; Marcel Dekker 
New York, 1991. 
(237) Chen, C. Y.; Li, H. X.; Davis, M. E. Microporous Materials 1993, 2, 17-26. 
(238) Nace, V. M.; Nonionic surfactants : polyoxyalkylene block copolymers; Marcel 
Dekker: New York, 1996. 
(239) Huo, Q.; Margolese, D. I.; Ciesla, U.; Feng, P.; Gier, T. E.; Sieger, P.; Leon, R.; 
Petroff, P. M.; Schuth, F.; Stucky, G. D. Nature 1994, 368, 317-321. 
(240) Tanev, P. T.; Pinnavaia, T. J. Science 1995, 267, 865-867. 
(241) Kim, Y. J.; Lee, Y. H.; Lee, M. H.; Kim, H. J.; Pan, J. H.; Lim, G. I.; Choi, Y. S.; 
Kim, K.; Park, N.-G.; Lee, C.; Lee, W. I. Langmuir 2008, 24, 13225-13230. 
(242) Henderson, M. J.; Zimny, K.; Blin, J.-L.; Delorme, N.; Bardeau, J.-F. o.; Gibaud, 
A. Langmuir 2009, 26, 1124-1129. 
(243) Kim, J.-Y.; Kang, S. H.; Kim, H. S.; Sung, Y.-E. Langmuir 2009, 26, 2864-2870. 
(244) Janicke, M. T.; Landry, C. C.; Christiansen, S. C.; Kumar, D.; Stucky, G. D.; 
Chmelka, B. F. J. Am. Chem. Soc. 1998, 120, 6940-6951. 
(245) Janicke, M. T.; Landry, C. C.; Christiansen, S. C.; Birtalan, S.; Stucky, G. D.; 
Chmelka, B. F. Chem. Mater. 1999, 11, 1342-1351. 
(246) Henderson, M. J.; Gibaud, A.; Bardeau, J. F.; Rennie, A. R.; White, J. W. Physica 
B: Condensed Matter 2005, 357, 27-33. 
(247) Yuan, Z.-Y.; Ren, T.-Z.; Vantomme, A.; Su, B.-L. Chem. Mater. 2004, 16, 5096-
5106. 
(248) Ulrike, C.; Stefan, S.; Galen, D. S.; Klaus, K. U.; Ferdi, S. Angew. Chem. Int. Ed. 
1996, 35, 541-543. 
(249) Tian, Z.-R.; Tong, W.; Wang, J.-Y.; Duan, N.-G.; Krishnan, V. V.; Suib, S. L. 
Science 1997, 276, 926-930. 
(250) Pal, J.; Chauhan, P. Materials Characterization 2009, 60, 1512-1516. 
(251) Cheng, C. F.; Lin, Y. C.; Cheng, H. H.; Chen, Y. C. Appl. Phys. Lett. 2003, 382, 
496-501. 
(252) Ehlert, N.; Müller, P. P.; Stieve, M.; Behrens, P. Microporous and Mesoporous 
Materials, 131, 51-57. 
                                                                                                                        References 
245 
 
(253) Wang, X.; Sakai, G.; Shimanoe, K.; Miura, N.; Yamazoe, N. Sensors and 
Actuators B: Chemical 1997, 45, 141-146. 
(254) Shi, K.; Chi, Y.; Yu, H.; Xin, B.; Fu, H. J. Phys. Chem. B 2005, 109, 2546-2551. 
(255) Yang, H.; Coombs, N.; Sokolov, I.; Ozin, G. A. Nature 1996, 381, 589-592. 
(256) Fernandez-Martin, C.; Roser, S. J.; Edler, K. J. J. Mater. Chem. 2008, 18, 1222 - 
1231. 
(257) Nicole, L.; Boissiere, C.; Grosso, D.; Quach, A.; Sanchez, C. J. Mater. Chem. 
2005, 15, 3598-3627. 
(258) Shi, K.; Peng, L.-M.; Chen, Q.; Wang, R.; Zhou, W. Microporous and 
Mesoporous Materials 2005, 83, 219-224. 
(259) Sanchez, C.; Boissière, C.; Grosso, D.; Laberty, C.; Nicole, L. Chem. Mater. 
2008, 20, 682-737. 
(260) He, B. B.; Preckwinkel, U.; Smith, K. L.; Comparison between conventional and 
two-dimensional XRD; JCPDS - International Centre for Diffraction Data 2003: 2003; 
Vol. 46,. 
(261) Decon Laboratories Limited; Decon 2009. 
(262) Boissiere, C.; Grosso, D.; Lepoutre, S.; Nicole, L.; Bruneau, A. B.; Sanchez, C. 
Langmuir 2005, 21, 12362-12371. 
(263) Wang, R.; Wang, R. Nanotechnology 2007, 18, 185705. 
(264) Scott, B. J.; Wirnsberger, G.; Stucky, G. D. Chem. Mater. 2001, 13, 3140-3150. 
(265) Novet, T.; Kevan, S.; Johnson, D. C. Materials Science and Engineering A 1995, 
195, 21-27. 
(266) Hwang, Y. K.; Chang, J.-S.; Kwon, Y.-U.; Park, S.-E. Microporous and 
Mesoporous Materials 2004, 68, 21-27. 
(267) Besson, S.; Ricolleau, C.; Gacoin, T.; Jacquiod, C.; Boilot, J.-P. Microporous and 
Mesoporous Materials 2003, 60, 43-49. 
(268) Falcaro, P.; Grosso, D.; Amenitsch, H.; Innocenzi, P. The Journal of Physical 
Chemistry B 2004, 108, 10942-10948. 
(269) Muller-Buschbaum, P. Macromolecules 1998, 31, 3686-3692. 
                                                                                                                        References 
246 
 
(270) Parrill, J. R. L.; Georgopoulos, P.; Chung, Y.-W.; Cohen, J. B. J. Phys. IV France 
1993, 3, C8-411 - C8-417. 
(271) Noma, T.; Takada, K.; Miyata, H.; Iida, A. Nucl. Instr. and Meth. in Phys. Res. A 
2001, 467-468, 1021-1025. 
(272) Kim, T. W.; Ryoo, R.; Gierszal, K. P.; Jaroniec, M.; Solovyov, L. A.; Sakamoto, 
Y.; Terasaki, O. J. Mater. Chem. 2005, 15, 1560-1571. 
(273) Wang, L.; Fan, J.; Tian, B.; Yang, H.; Yu, C.; Tu, B.; Zhao, D. Microporous and 
Mesoporous Materials 2004, 67, 135-141. 
(274) Moreaud, M.; Jeulin, D.; Thorel, A.; Chane-Ching, J. Y. Journal of Microscopy 
2008, 232, 293-305. 
(275) Sen, T.; Tiddy, G. J. T.; Casci, J. L.; Anderson, M. W. Chem. Mater. 2004, 16, 
2044-2054. 
(276) Yu, K.; Wu, X.; Brinker, C. J.; Ripmeester, J. Langmuir 2003, 19, 7282-7288. 
(277) Chu, B.; Zhou, Z.; In Book Physical Chemical of Polyoxyalkylene Block 
Copolymer Surfactants; Nace, V. M., Ed.; M. Dekker: New York, 1996; Vol. Surfactant 
science series, p 115. 
(278) Grosso, D.; Boissiere, C.; Smarsly, B.; Brezesinski, T.; Pinna, N.; Albouy, P. A.; 
Amenitsch, H.; Antonietti, M.; Sanchez, C. Nat Mater 2004, 3, 787-792. 
(279) Annica, A.; Nicklas, J.; Per, B.; Nu, Y.; Donald, L.; William, R. S. Adv. Mater. 
1998, 10, 859-863. 
(280) Qiao, Q.; Beck, J.; Lumpkin, R.; Pretko, J.; McLeskey, J. J. T. Solar Energy 
Materials and Solar Cells 2006, 90, 1034-1040. 
(281) SPI Supplies® Brand http://www.2spi.com/catalog/standards/ITO-coated-slides-
resistivities.php. 
(282) Brewer, S. H.; Franzen, S. Chemical Physics 2004, 300, 285-293. 
(283) Ambrosini, A.; Duarte, A.; Poeppelmeier, K. R.; Lane, M.; Kannewurf, C. R.; 
Mason, T. O. Journal of Solid State Chemistry 2000, 153, 41-47. 
(284) Granqvist, C. G.; Hultåker, A. Thin Solid Films 2002, 411, 1-5. 
(285) Nath, P.; Bunshah, R. F.; Basol, B. M.; Staffsud, O. M. Thin Solid Films 1980, 72, 
463-468. 
                                                                                                                        References 
247 
 
(286) Wang, D.; Zhou, W.; McCaughy, B.; Hampsey, J.; Ji, X.; Jiang, Y. Adv. Mater. 
2003, 15, 130. 
(287) Fan, S.; Jiang, K.; Liu, L.; Fan, S. S.; Jiang, K. L.  Patent: US2010048250-A1; 
JP2010049691-A, 2010. 
(288) Huang, W.  Patent: TW200943162-A, 2010. 
(289) Hong, S.; Sung, M. G.  Patent: WO2010021433-A1; JP2010050078-A; 
US2010045610-A1, 2010. 
(290) Indium Coporation of America; 
http://www.indium.com/documents/msds/IB011.pdf. 
(291) Rieger, P. H.; Electrochemistry; Prentice-Hall International Editions: New Jersey, 
1987. 
(292) Walcarius, A. Comptes Rendus Chimie 2005, 8, 693-712. 
(293) Cuia, X.; Zinb, W.-C.; Choc, W.-J.; Hac, C.-S. Materials Letters 2005, 59, 2257-
2261. 
(294) Etienne, M.; Grosso, D.; Boissière, C.; Sanchez, C.; Walcarius, A. Chem. 
Commun. 2005, 4566 - 4568. 
(295) Barker, A. L.; Macpherson, J. V.; Slevin, C. J.; Unwin, P. R. J. Phys. Chem. B 
1998, 102, 1586-1598. 
(296) Martínez, A.; Colina, A.; Dryfe, R. A. W.; Ruiz, V. Electrochimica Acta 2009, 54, 
5071-5076. 
(297) Ding, Z.; Wellington, R. G.; Brevet, P.-F.; Girault, H. H. J. Electroanal. Chem. 
1997, 420, 35-41. 
(298) Scholten, M.; van den Meerakker, J. E. A. M. J. Electrochem. Soc. 1993, 140, 
471-475. 
(299) Brett, C. M. A.; Brett, A. M. O.; Electrochemistry : principles, methods, and 
applications; Oxford University Press: Oxford, 1993. 
(300) Zudans, I.; Paddock, J. R.; Kuramitz, H.; Maghasi, A. T.; Wansapura, C. M.; 
Conklin, S. D.; Kaval, N.; Shtoyko, T.; Monk, D. J.; Bryan, S. A.; Hubler, T. L.; 
Richardson, J. N.; Seliskar, C. J.; Heineman, W. R. J. Electroanal. Chem. 2004, 565, 
311-320. 
(301) King, W. H. Analytical Chemistry 1964, 36, 1735-1739. 
                                                                                                                        References 
248 
 
(302) Weinman, L. S.; Orent, T. W.; Liu, T. S. Thin Solid Films 1980, 72, 143-150. 
(303) Gadenne, P.; Sella, C.; Gasgnier, M.; Benhamou, A. Thin Solid Films 1988, 165, 
29-48. 
(304) Vancea, J.; Reiss, G.; Schneider, F.; Bauer, K.; Hoffmann, H. Surface science 
1989, 218, 108-126. 
(305) Flavel, B. S.; Yu, J.; Ellis, A. V.; Shapter, J. G. Electrochimica Acta 2009, 54, 
3191-3198. 
(306) Biggs, S.; Mulvaney, P.; Zukoski, C. F.; Grieser, F. J. Am. Chem. Soc. 1994, 116, 
9150-9157. 
(307) Brown, K. R.; Walter, D. G.; Natan, M. J. Chem. Mater. 2000, 12, 306-313. 
(308) Senthilkumar, S.; Adisa, A.; Saraswathi, R.; Dryfe, R. A. W. Electrochemistry 
Communications 2008, 10, 141-145. 
(309) Gregory, A. J.; Levason, W.; Noftle, R. E.; LePenven, R.; Pletcher, D. J. 
Electroanal. Chem. 1995, 399, 105-113. 
(310) Ji, H.; Fan, Y.; Jin, W.; Chen, C.; Xu, N. Journal of Non-Crystalline Solids 2008, 
354, 2010-2016. 
(311) Benazzouz, C.; Benouattas, N.; Iaiche, S.; Bouabellou, A. Nucl. Instr. and Meth. 
in Phys. Res. B 2004, 213, 519-522. 
(312) Mukherjee, L. M. J. Phys. Chem. 1972, 76, 243-245. 
(313) Bond, A. M.; Broadening Electrochemistry Horizons : Principles and Illustration 
of Voltammetric and Related Techniques; Oxford University Press inc.: New York, 2002; 
Vol. 1. 
(314) Dishner, M. H.; Ivey, M. M.; Gorer, S.; Hemminger, J. C.; Feher, F. J. Journal of 
Vacuum Science & Technology a-Vacuum Surfaces and Films 1998, 16, 3295-3300. 
(315) Miao, W.; Ding, Z.; Bard, A. J. J. Phys. Chem. B 2002, 106, 1392-1398. 
(316) Goux, A. l.; Etienne, M.; Aubert, E.; Lecomte, C.; Ghanbaja, J.; Walcarius, A. 
Chem. Mater. 2009, 21, 731-741. 
(317) Dean, R. B. J. Am. Chem. Soc. 1945, 67, 31-35. 
(318) Siwy, Z.; Heins, E.; Harrell, C. C.; Kohli, P.; Martin, C. R. J. Am. Chem. Soc. 
2004, 126, 10850-10851. 
                                                                                                                        References 
249 
 
(319) White, H. S.; Bund, A. Langmuir 2008, 24, 2212-2218. 
(320) Zhang, B.; Zhang, Y.; White, H. S. Analytical Chemistry 2004, 76, 6229-6238. 
(321) Pereira, F. C.; Moretto, L. M.; De Leo, M.; Boldrin Zanoni, M. V.; Ugo, P. 
Analytica Chimica Acta 2006, 575, 16-24. 
(322) Emsley, J.; The Elements; Clarendon Press: Oxford, 1989. 
 
 
